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Ernest Rutherford (1871- 1937)
Für meine Familie.
Abstract
This work is concerned with the realization and investigation of a light emitting
diode (LED) structure within single GaN nanowires (NWs) and its integration with
Si technology.
To this end first a general understanding of the GaN NW growth is given. This is
followed by investigations of the influence which doping species, such as Mg and Si,
have on the growth of the NWs. The experience gathered in these studies set the basis
for the synthesis of nominal p-i-n and n-i-p junctions in GaN NWs. Investigations of
these structures resulted in the technologically important insight, that p-type doping
with Mg is achieved best if it is done in the later NW growth stage. This implies that
it is beneficial for a NW LED to place the p-type segment on the NW top.
Another important component of an LED is the active zone where electron-hole re-
combination takes place. In the case of planar GaN LEDs, this is usually achieved by
alloying Ga and In to form InGaN. In order to be able to control the growth under
a variety of conditions, we investigate the growth of InGaN in the form of extended
segments on top of GaN NWs, as well as multi quantum wells (MQWs) in GaN NWs.
All the knowledge gained during these preliminary studies is harnessed to reach
the overall goal: The realization of a GaN NW LED. Such structures are fabricated,
investigated and processed into working LEDs.
Finally, a report on the efforts of integrating III-nitride NW LEDs and Si based metal-
oxide-semiconductor field effect transistor (MOSFET) technology is given. This de-
monstrates the feasibility of the monolithic integration of both devices on the same
wafer at the same time.
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Zusammenfassung
In dieser Arbeit wird die Machbarkeit der Herstellung von Leuchtdioden Strukturen
(LEDs) in einzelnen GaN Nanodrähten (ND) und deren Integration mit herkömmli-
cher Si Technologie untersucht.
Hierzu wird zunächst ein generelles Verständnis des Wachstums von GaN ND er-
arbeitet und dargestellt. Es folgen Untersuchungen zum Einfluss von Dotierstoffen,
wie z.B. Mg und Si, auf das Wachstum der ND. Dieses Wissen wird anschließend
angewandt um Dotierübergänge in GaN ND herzustellen die nominell n-i-p bzw. p-
i-n dotiert sind. Diese Untersuchung brachte die technologisch wichtige Erkenntnis,
dass eine p-Dotierung mit Mg am besten erreicht werden kann wenn die ND bereits
wohl entwickelt sind. Dies bedeutet, dass der obere Teil der ND LEDs aus p-Typ
Material bestehen wird.
Eine weitere wichtige Komponente von LEDs ist die aktive Zone in der die Elektron-
Loch-Rekombination stattfindet. Im Fall von planaren GaN LEDs wird diese durch
Zugabe von In und die Formierung von InGaN hergestellt. Wir untersuchen das
Wachstum von InGaN auf Si, GaN NDs und in Form von MQWs, um das Wachstum
und insbesondere den In Gehalt unter vielen Bedingungen kontrollieren zu können.
Das gesamte Wissen der Voruntersuchungen wird kombiniert und für das Ziel dieser
Arbeit nutzbar gemacht: Die Herstellung von GaN ND basierten LEDs. Diese Struk-
turen werden untersucht und zu einer funktionierenden LED weiter prozessiert.
Abschließend wird von den Anstrengungen zur Integration von III-Nitrid LEDs und
Si basierter MOSFET Technologie berichtet. Es wird erstmalig erfolgreich die mono-
lithische Integration dieser beiden Bauelemente und ihr gleichzeitiges Funktionieren
gezeigt.
Stichworte: GaN, MBE, LED, Nanodrähte
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1. Introduction
In the past four decades, micro and nanoelectronics have asserted themselves as estab-
lished research fields ever trying to push the performance of integrated devices. The
initial driving force for this development was the miniaturization of well-tested concepts
and devices leading to Moore’s Law. [1] This miniaturization or top-down approach of
shrinking conventional devices is not viable much longer as dimensions of molecular
proportions are reached. In this regime novel concepts, for structuring and designing
devices need to be developed, as the costs involved in further miniaturization increase
drastically with each step. [2,3] One possible way to overcome this problem is the bottom-
up approach of device production.
Bottom-up approaches make use of self-assembly techniques driven in most cases by
thermodynamics to form the desired objects. [4] With this method nanostructures such as
Quantum Dots, Fullerenes, Carbon Nanotubes and semiconductor nanowires (NWs) can
be produced at relatively low cost using laboratory size equipment. [4,5] Especially semi-
conducting NWs allow access to a wide range of opto-electronic and electronic devices. [6]
The production as well as the control of morphology and composition of such NWs has
been demonstrated for several material systems. [7–11]
The conventional way of producing semiconductor heterostructures is the deposition of
films. Yet, due to the lattice mismatch between the used materials, strain and defects
may be introduced. [12] These deviations from the perfect crystalinity cause in turn a de-
terioration of the optoelectronic properties. Defects for example can be the cause for non
radiative recombinations in light emitting diodes (LEDs). [13] The small footprint of the
NWs on the substrate is beneficial for relaxing issues related to the structural mismatch
between substrate and epitaxial layer. Strain can be relaxed within the NW at the het-
erointerface by contraction or expansion due to the limited diameter. [14–16] Extended de-
fects develop only at the interface with the substrate and bend towards the nearest surface
instead of propagating along the crystal. [17] These properties might even allow integra-
tion in standard silicon based technology as NWs can be grown as single nano-crystals
with high crystalline perfection on Si(111) and (100), as well as on amorphous SiO2 sub-
strates. [7,16,18,19] Furthermore, NWs might prove to have an enhanced out-coupling effi-
ciency of light compared with planar layers. [20,21]
In the past two decades the Al-Ga-In-N material system, also called group III-nitrides,
has revolutionized solid state light emitters [22] and has impacted photovoltaics as well
as high-power and high-temperature electronics. [23,24] The InGaN ternary system of-
fers band gap tunability covering the whole visible spectral range. [25–27] Moreover, III-N
nanostructures and NWs, in particular, may provide a pathway to integrate optoelec-
tronic devices and standard Si technology. [28]
It is the aim of this thesis to describe the control of GaN/InGaN NW growth, the cre-
ation of an LED structure within such NWs and their integration with standard Si tech-
nology. Each chapter will focus on a particular component needed for the fabrication of
an LED prototype.
In chapter 3 the basics of GaN NW growth are investigated and discussed using either
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data generated for this thesis or published by other authors during the past years.
Doping of the semiconductor material is essential for creating an LED and will be dis-
cussed in chapter 4. For p-type doping of GaN Mg is frequently used. [28] The implica-
tions of a Mg supply to the NW growth is presented in section 4.1. Likewise the effect of
Si on the growth of NWs, which acts as a donor in GaN, [28] is investigated in section 4.2.
The chapter on doped GaN NWs also includes the growth of nominal p-i-n junctions
within GaN NWs using both doping species (section 4.3).
Chapter 5 focuses on the incorporation of In into the GaN matrix which allows the con-
trol of the bandgap in the active region of the LED. Direct growth of InGaN NWs on Si,
growth of InGaN segments on GaN NW and quantum well (QW) structures within GaN
NWs are discussed.
Finally, chapter 6 describes the combination of the insights gained from the growth anal-
ysis discussed so far, in order to synthesize an LED structure within single NWs. Fur-
thermore the processing of these wires into a working device and its characteristics are
presented. The chapter ends with the discussion of an experiment designed to integrate
the light generation through III-N NW LEDs with the well established technology of Si
based metal-oxide-semiconductor field effect transistors (MOSFETs) on one and the same
wafer.
The last chapter is dedicated to the summary of the results obtained and an outlook de-
scribing possible future experiments and challenges which still need to be overcome.
2
2. Basic information on materials, devices
and concepts
This chapter provides the background information needed for the understanding and
the classification of the experimental results described in chapters 3 to 6 in light of the
knowledge to date and the concepts used in their interpretation. Section 2.1 focuses on
the properties of the group-III-nitride material system. The basics of an LED are pre-
sented in section 2.2 followed by a brief introduction into the growth of nanowires in
general in section 2.3. This chapter ends with section 2.4 describing the main aspects of
the experimental technique used for the syntesis of the samples discussed through out
the remainder of the thesis.
2.1. The III-nitride material system
This section will give a brief overview of the Al-Ga-In-N material system. GaN along
with the ternary and quaternary compounds using Al and In is considered to be one of
the most important semiconductors besides Si. It is found in many applications which
is a result of the excellent electrical and optical properties of the nitrides. As native sub-
strate for III-nitrides are only available in very small sizes and at extremely high cost,
heteroepitaxy is a basic necessity in the syntesis of these materials. Therefore many of the
parameters discussed in this section originate from measurements of thin films and are
subject to the influence of the used substrate. [28]
While III-nitrides can exist in wurtzite, zinc blende and rocksalt crystalline structures
only wurtzite will be discussed here. It is the thermodynamically most stable configura-
tion and the one found in all the NWs that are subject of this thesis. The calculated and
experimentally observed structural parameters for GaN, AlN and InN are summarized
in table 2.1. Many GaN-based devices employ heterostructure interfaces with ternary
III-nitride alloys. In particular InGaN is of importance for LEDs and lasers. Through
alloying the lattice constants gradually change from those of GaN to InN. [29]
aInxGa1−xN = 3.1986 Å+ 0.3862x Å and cInxGa1−xN = 5.2262 Å+ 0.574x Å. (2.1)
The use of these ternary alloys originates in most cases from the desire to shape the
bandgap of the semiconductor material and therefore its luminescence properties. Also
GaN AlN InN
Ideal Exp. Ideal Exp. Ideal Exp.
a [Å] 3.199 3.199 3.110 3.110 3.585 3.585
c/a 1.633 1.634 1.633 1.606 1.633 1.618
Table 2.1: Calculated and experimentally determined structural parameters of GaN, AlN and
InN. [28]
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the bandgap energy of InGaN changes gradually from that of GaN (3.4 eV) to the one of
InN (0.7 eV) depending on composition. EInxGa1−xNg at 300 K is given by: [30]
EInxGa1−xNg = (0.7x + 3.4(1− x)− 1.43x(1− x))eV. (2.2)
The wurtzite structure of the III-nitrides lacks a center of inversion symmetry which is
the cause for a nonzero spontaneous polarization and the possible existence of piezo-
electric polarization due to strain along the [0001] direction. [29,31,32] This is particularly
relevant in the case of heterointerfaces between two nitride semiconductors with varying
electronegativity of the metal atoms. For a detailed description see Vanderbilt [33] and
Resta et al. [34]. The ball-and-stick diagram presented in Fig. 2.1 shows the two polarities
for GaN.
Figure 2.1: Ball-and-stick figure of the two polarities of wurtzite GaN. [28]
The values for the spontaneous polarization, deduced from a 32-atom supercell calcu-
lation by Bernardini, [35] are given in table 2.2. The value of Psp for InGaN can be calcu-
lated according to Bernardini and Fiorentini [36,37] via:
PInxGa1−xNsp = −0.042x− 0.034(1− x) + 0.0378x(1− x). (2.3)
For an InGaN QW (thickness 20 nm and ≈ 15% In content) in between two GaN lay-
ers these polarization effects results in an internal field on the order of MVcm .
[38,39] Such a
strong field changes the shape of the QW from a rectangular shape to a triangular one.
This results in a red shift (Stark shift) of the transition energy observed when electrons
AlN GaN InN
Psp -0.0897 -0.0336 -0.0434
Table 2.2: Spontaneous polarization for III-nitrides determined by 32-atom supercell calcula-
tion by Bernardini. [35]
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Energy position [eV] Nomenclature Doping
3.478 free exciton (FE) Undoped
3.471 donor bound exciton (DBE) O, Si, undoped
3.42 stacking fault induced (SF) undoped [49,50]
3.466 acceptor bound exciton (ABE) Mg
3.1 - 3.26 electron to acceptor (e-A) or / and DAP Mg
Table 2.3: List of the luminescence lines and bands at low temperatures (4 K) in GaN which
are of importance for this thesis. Except for the value of the stacking fault induced
luminescence all other entries were taken from Reshchikov et al. [48].
and holes recombine in such a QW. [28] Apart from this shift in transition energy, the elec-
tric field in a QW also causes a spatial separation of electrons and holes. This in turn
leads to a smaller spatial overlap of the two wave functions and therefore decreases the
recombination probability. The effect is referred to as quantum confined stark effect. [28,40]
Doping is an important topic for any semiconductor as many device functionalities relay
on the specific doping profile. Growing GaN without any intentional dopants leads to n-
type material. The carrier density can be significantly increased by supplying additional
doping atoms which act as donors in the GaN matrix. Si substitutional on a Ga site is the
most efficient and most commonly used element. [41,42] By incorporating a Si atom on a
Ga site an energy level is created 30 meV below the conduction band. [43] The solubility
of Si in GaN is in the order of 1020 cm−3. Several different elements can act as reasonably
shallow acceptors when placed on a Ga site, [44] yet Mg is the one most commonly used.
The acceptor level for a Mg atom on a Ga site is at around 220 meV above the valence
band. [45,46] In GaN:Mg grown by metal-organic-vapor-phase-epitaxy a free hole concen-
tration of 1018 cm−3 was found for Mg concentrations of 3 · 1019 cm−3. [47]
Both cathodoluminescence (CL) and photo luminescence (PL) measurements can reveal
the presence of a doping atom. Table 2.3 summarizes the most relevant transitions for
this thesis, their energetic position in acquired spectra and their origin. For further de-
tails on defect luminescence in GaN the reader is referred to Reshchikov et al. [48].
Donor bound exciton (DBE) and free exciton (FE) transitions can be observed in almost
any GaN NW sample of reasonable quality. The absence of an intense emission caused
by the presence of stacking faults (SFs) is an indication that coalescence of NWs is lim-
ited. [50] In n-type GaN the donor-acceptor pair (DAP) transition can be used as a measure
of active Mg. Due to the high background level of donors it is directly proportional to the
number of acceptors. [28]
In the past, much attention has been payed to metal-semiconductor interfaces. [51,52] For
GaN, as for many wide-bandgap semiconductors, achieving good ohmic contacts is
rather difficult. Nevertheless some viable options have come up. For the NW-LED as
it is presented in chapter 6 only p-type GaN needs to be contacted, as the n-type base
of the NWs will be contacted via a heterojunction with n-type Si. Two very widely used
methods to contact p-type GaN are Ni/Au and indium-tin-oxide (ITO) contacts. Ni/Au
contacts are easy to produce through electron beam evaporation but absorb light. ITO
contacts on the other hand need some expertise as one needs both, good electrical con-
tact with p-GaN and high transparency. For this reason Ni/Au contacts were used as
they required a minimum of process optimization. [28]
InGaN/GaN based blue and ultra violet (UV) LEDs are now commercially available. In
the spectral range between 550 nm and 590 nm, they are not competitive, yet. This re-
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gion is known as “the green gap” in which the efficiency of InGaN-based LEDs decreases
significantly. [53] This efficiency loss, also called “droop”, is at present under investiga-
tion and may have several possible origins: phonon or defect-assisted Auger recombina-
tion, [54,55] tunneling leakage of carriers to defects [56] or carrier overflow. [57–59]
In addition, InGaN/GaN LEDs with MQWs having an In composition greater than 20%
can suffer from the formation of defects that lead to low radiative efficiency. [60] Further-
more, the incorporation of In atoms into InGaN is limited. This is caused by a large lat-
tice mismatch between InGaN and GaN. [61] To circumvent the problems inherent to the
InGaN MQW approaches, alternate active layers such as InGaN NWs [62–67] and quan-
tum dot structures [22,60,68] have been suggested as light emitters in the green gap spectral
range. [53] The pursuit of one of these proposed alternatives is the goal of this thesis. A
full LED structure within a GaN NW might overcome the “green gap” problematics.
2.2. Light emitting diodes
The first report of an LED by H. J. Round was published in 1907. He discovered electro
luminescence (EL) from SiC crystallites which emitted a yellow glow at voltages above
10 V and had rectifying qualities. [69] Further investigation of this luminescence effect in
SiC rectifiers led to the conclusion that this emission was not based on heat glow (incan-
descence). [70] Before the 1950s, investigation of LEDs was based on devices made from
SiC or II-VI semiconductors. [13,71] This changed with the postulation and demonstration
of III-V compound semiconductors by H. Welker. [72,73] These new man-made materials
proved to be optically very active due to their direct bandgap. First infrared LEDs and
lasers based on GaAs and GaAsP were reported in 1962. [74–79] Also around this time re-
search on GaN as a candidate for blue EL was initiated and the first commercial LED
based on GaAs was offered by the Texas Instruments Corporation. [80]
Even though the EL from GaN was reported by a team at Radio Corporation of America
(RCA) quite early, [81,82] the lack of efficient p-type doping of GaN was a problem. The
first true p-type GaN was demonstrated only in 1989 by using activated Mg acceptors. [83]
Soon after the first p-n junction and GaN based LEDs were demonstrated. [13] They were
followed by LEDs of up to 10% efficiency [84] and even an electrically pumped blue laser
operated at room temperature. [85] The interest in the InGaN material system remains, as
it is suited to be an active medium for white-light emitting LEDs. [27]
Electrical properties
In this subsection, the electrical characteristics of an abrupt p-n junction with an accep-
tor concentration NA and donor concentration ND will be described according to Schu-
bert. [13] For the sake of brevity no detailed derivation is presented. All dopants (ND,A) are
assumed to be ionized which results in the free electron (n) and hole (p) concentrations:
n = ND p = NA. (2.4)
In the vicinity of the p-n junction the so called depletion region forms due to diffusion
of electrons to the p-type and holes to the n-type material. Their recombination with the
respective majority charge carriers leaves only the charges of the ionized donors and ac-
ceptors in the depletion region which form a space charge region. These charges produce
6
2.2. Light emitting diodes
a potential called the diffusion voltage VD
VD =
kBT
e
ln
(
NAND
n2i
)
(2.5)
where ni is the intrinsic carrier concentration of the semiconductor, kB is Boltzmann’s
constant, T is the temperature and e is the elementary charge. The diffusion voltage rep-
resents the barrier that carriers must overcome in order to reach the opposite side of the
junction (see Fig. 2.2).
Figure 2.2: Band diagram of a p-n junction under zero bias. [13]
When applying a bias the voltage is going to drop across the depletion region. Under
forward bias, electrons and holes are injected from their native region into the region
with the opposite majority carriers, where they recombine and thereby emit a photon.
The formula describing the current-voltage (I-U) characteristic of a p-n junction is the so
called Shockley equation. It describes the current I through a diode with a cross-sectional
area A:
I = eA
(√
Dp
τp
n2i
ND
+
√
Dn
τn
n2i
NA
)
·
(
exp
(
eU
kBT
)
− 1
)
(2.6)
where Dn,p and τn,p are the electron and hole diffusion constants and carrier lifetimes,
respectively.
Under reverse bias the diode current saturates. This saturation current IS is given by the
factor preceding the exponential function:
IS = eA
(√
Dp
τp
n2i
ND
+
√
Dn
τn
n2i
NA
)
. (2.7)
Under typical forward bias conditions U  kBTe is true and thus:(
exp
(
eU
kBT
)
− 1
)
≈ exp
(
eU
kBT
)
. (2.8)
Therefore the Shockley equation can be rewritten using equation (2.5), as
I = eA
(√
Dp
τp
NA +
√
Dn
τn
ND
)
· exp
(
e(U −VD)
kBT
)
. (2.9)
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Figure 2.3: LED forward voltage versus bandgap energy for LEDs made from different ma-
terials. [13]
The exponent of the exponential function illustrates that the current strongly increases as
the applied bias approaches VD. This voltage is also called threshold voltage Vth and is
given by Vth ≈ VD.
The following summation can be extracted from Fig. 2.2:
eVD + (EF − EV) + (EC − EF)− Eg = 0, (2.10)
with EF, EC, EV and Eg denoting the Fermi energy level, the conduction band minimum
energy, the valence band maximum energy and the bandgap energy, respectively. In
highly doped semiconductors diodes the following approximations are valid for the n-
and p-type region, respectively:
(EC − EF) Eg (EF − EV) Eg. (2.11)
Thus the second and third term in equation (2.10) can be neglected and the threshold and
diffusion voltages can be approximated with:
Vth = VD ≈
Eg
e
. (2.12)
This relationship holds true for most semiconductor LEDs with the exception of the III-
nitrides (see Fig. 2.3). This is due to several reasons. Large bandgap discontinuities occur
in the nitride material system, the contact technology is not mature yet, p-type conduc-
tivity is low and/or a parasitic voltage drop can occur in n-type buffer layers. Each of
these factors leads to additional voltage drops increasing the operation voltage Vf above
Eg
e .
The Shockley equation represents the theoretically expected current-voltage character-
istic of an ideal p-n junction. In order to accommodate for characteristics, measured in
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Figure 2.4: Diagram of a double heterostructure with the energy distribution of the captured
carriers. [13]
experiments, the so called ideality factor nideal is introduced into the equation:
I = IS exp
(
eU
nidealkBT
)
. (2.13)
For a perfect diode the value of nideal is one. Measured values of diodes range from
nideal = 1.1 to values as high as nideal = 7 for some GaN/InGaN diodes. In addition, the
diodes performance can suffer from additional parasitic resistances. Contact resistances
or resistance of the neutral regions can cause a series resistance RS. Current carrying
channels that bypass the p-n junction will result in a shunt with a parallel resistance RP.
Accounting for these resistances results in a modification of equation (2.13):
I = IS · exp
(
e(U − IRS)
nidealkBT
)
+
(U − IRS)
Rp
. (2.14)
The parallel resistance RP can be evaluated in the reverse bias regime:
RP ≈ dUdI

reverse bias
. (2.15)
For diodes that exhibit a high value in RP equation 2.14 can be approximated to:
I = IS · exp
(
e(U − IRS)
nidealkBT
)
. (2.16)
Solving and differentiating for U with respect to I yields:
dU
dI
= RS +
nidealkBT
e
· 1
I
. (2.17)
Multiplying by the current I enables the identification of RS and nideal by determining the
slope and y-axis intercept of a (I · dU/dI)-versus-I plot, respectively.
Double heterostructures are employed in LEDs in order to enhance the recombination
rate of electrons and holes in a p-n-junction through their spatial confinement. In such
designs the area of recombination (active region) is made of a smaller bandgap semicon-
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ductor that is sandwiched on both sides by a semiconductor with a larger bandgap, the
confinement regions. The material surrounding the active region acts as a barrier for cap-
tured charge carriers. The volume of the active region is defined by the thickness of the
small-bandgap material which acts as a well (see Fig. 2.4). This in turn causes a much
higher concentration of electrons and holes in the recombination zone and therefore en-
hances the recombination rate significantly.
A significant loss mechanism is the overflow of carriers from the active region into the
confinement regions. This effect occurs at high injection currents. The active region is
flooded with carries resulting in a rising Fermi energy level. This can lead to a rise up to
the barrier height. A further increase in the injection current will not result in a higher
charge carrier density in the active region and therefore the optical intensity saturates.
The problem is inherent to single-QW and quantum-dot structures due to their small
volume. This can be avoided by enlarging the active region of the double heterostructure
or by creating several QWs to form a MQW active region. [86]
Even though the barrier height is significant (typically several hundred meV) the Fermi
distribution nature of the captured charge carriers allows some of them to escape (see
Fig. 2.4). Typically the leakage current caused by electrons is the dominant factor due
to the large diffusion constant of the electrons compared with that of the holes. In order
to reduce the leakage, electron-blocking-layers (EBLs) are employed in many LED struc-
tures. An EBL is an interlayer with a large bandgap energy Eg located between the active
region and the p-type confinement region and is typically also p-doped (see Fig. 2.5).
This results in an increased barrier for the electrons on the p-type confinement side while
at the same time the barrier for holes to enter the active region is virtually zero.
EBL
Figure 2.5: Diagram of a MQW heterostructure with an EBL. [13]
Optical properties
In this subsection, the elementary optical properties of an LED are discussed according to
Schubert. [13] The scope of this discussion will be very limited and focuses only on those
aspects relevant for LEDs in general.
The basic physical principle underlying the luminescence of LEDs is the spontaneous
annihilation of electron-hole pairs and the simultaneous emission of a photon. Fig. 2.6
illustrates the recombination of an electron-hole pair. Electrons and holes are assumed to
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have parabolic energy dispersion relations described by
E = EC,V ± h¯
2k2
2m∗e,h
(2.18)
with the effective mass of electrons or holes respectively m∗e,h, h¯ being Planck’s constant
divided by 2pi and the carrier wave number k. Energy conservation requires that the
Figure 2.6: Energy dispersion of electrons and holes in a semiconductor showing electron-
hole recombination and emission of a photon. [13]
energy of the photon generated in the annihilation process is given by the difference
between electron energy Ee and hole energy Eh:
hν = Ee − Eh ≈ Eg. (2.19)
The photon energy is approximately equal to Eg if kBT  Eg is true. Therefore the desired
wavelength of emission from an LED can be tuned by choosing an appropriate semicon-
ductor with the desired bandgap. This makes the In-Ga-N material system very interest-
ing for visible light emission as its bandgaps can span the entire visible spectrum. [13,28]
LEDs are deemed to be efficient light sources since in an ideal LED a photon is created
for every electron that is injected into the active region. Yet, in practice this is not the case
and a measure for the efficiency of an LED is needed. Typically, the internal quantum ef-
ficiency ηint is used to describe the efficiency with which photons are created in the active
region. It is defined as
ηint =
Pinte
Ihν
(2.20)
with the injection current I and the optical power Pint emitted from the active region
of an LED. Not all photons created in the active region escape the LED. The extraction
efficiency may be lower due to reabsorbtion or total internal reflection of the light, it is
defined as
ηextract =
P
Pint
(2.21)
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with the optical power P emitted into free space. The product of these two efficiencies is
called the external quantum efficiency. Finally, the most important efficiency for LEDs is
the wall-plug efficiency which is the ratio of extracted light power and injected electrical
power, defined as:
ηWE =
P
IU
. (2.22)
State-of-the-art LED system designs of efficacies greater than 100 lumens-per-watt are
routinely achieved by leading lighting manufacturers today. This corresponds to a wall-
plug efficiency of about ηWE = 0.148 or 14.8%. [87]
2.3. Nanowires
The research field of nanotechnology is rapidly expanding and has gained much attention
during the last decade. Much of this excitement is due to the fact that quantization effects
can be observed in nano-size structures. These appear when the sizes of the structures are
comparable with the wavelength of the charge carriers. These are thus confined in one,
two or even all three spatial dimensions. An example of confinement in one dimension
are the two dimensional electron gases that can form in semiconductor heterostructures
such as an AlGaN/GaN interface. [28] NWs are an example of structures confined in two
dimensions, while quantumdots are zero dimensional objects, in which charge carriers
are confined in all three spatial dimensions.
NWs have the potential to revolutionize broad areas of nanotechnology [88]. They re-
present the smallest structures that can efficiently transport charge carriers and thus are
suited to move carriers in integrated nano-systems. At the same time, NWs can exhibit
device functions themselves. In this regard especially semiconductor NWs are promis-
ing. [89,90]
In general there are two approaches to produce NWs. One is the “Top-Down” approach
which starts with a three dimensional crystals from which wires are defined, for example,
by etching. [91] The other is the “Bottom-Up” approach that builds the wires from single
atoms or molecules.
The “Top-Down” fabrication uses as starting material a thin film which may contain grain
boundaries or other structural defects. Therefore, the crystal quality of the wires can only
be better than that of the film, if defects are removed preferentially. Another disadvan-
tage of this method is, that the wires might be contaminated due to the use of chemicals.
In the case of reactive ion etching (RIE) additional radiation induced defect can occur. [92]
For these reasons the wires, being discussed in this scope, were produced by a “Bottom-
Up” process. There are two important categories of this process. One is the “Vapor-Liquid-
Solid” (VLS) growth which uses liquid catalyst droplets. The catalyst absorbs the mate-
rial for the NW growth from the gas phase. A supersaturated liquid is formed and solid
material is precipitated below the droplet. [93,94] This technique has the principal disad-
vantage that the catalyst may contaminate the NW. [95] The other possible technique is
the “Vapor-Solid” (VS) growth method, during which the wires form by self organization
from the gas phase. The wires used in this scope were grown by employing this second
method.
There is a wide range of possible applications for NWs in technology. Since semiconduc-
tor NWs are the subject of this thesis the examples of applications are limited to applica-
tions that have been published for other semiconducting NWs.
Nanoelectronics is a field in which the low dimensionality of NWs can be employed to
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develop devices that probe fundamental physical properties and aid in developing quan-
tum information technology. [96] A principle device for this technology is a quantum dot
whose charge and spin state can be controlled by a gate voltage. In NWs even double
quantum dots with tunable coupling via gates have been realized in various material
systems. [90,97,98]
Another set of devices aims to achieve higher integration densities of basic logic elements
than those achievable with current technology. For this purpose, such elements need to
be assembled and tested. Examples for such basic elements are a NOR-gate, [99] a NW
field effect transistor [100] or a p-n junction. [101]
Due to their large aspect ratios, the physical properties of NWs are, to a great extent,
influenced by their surfaces. This property opens up the possibility of employing NWs
as sensors. When exposed to a substance that influences their surface, properties such
as the resistance of the wire might change drastically even if the concentrations of these
substances are in the range of a few parts per million (ppm). [102] The nano-scale size of
these devices allows a drastic shrinkage of chemical detectors. [103] NWs can be assem-
bled into a regular array and then selectively functionalized, in order to sense chemicals
when introduced into a micro-fluidic channel. [104]
Nanophotonics address the broad spectrum of optics on the nanometer scale where spa-
tial dimensions are well below the wavelength of light. In this regime, NWs can be em-
ployed in various manners such as waveguides, [105] point-like light emitters [89] and even
single photon emitters. [106]
2.4. Molecular beam epitaxy for nanowire growth
While in general the growth of NWs is dominated by the VLS mechanism, the synthesis
of the GaN NWs discussed in this scope was achieved via the VS growth mode. Met-
alorganic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE) are
both used for the VLS approach using a metal catalyst droplet, yet the use of MOCVD
reactors is dominant for this growth method. [107] On the other hand MBE dominates in
the field of VS growth of GaN NWs were the MOCVD approach has had little success
up to now. [66,108] This section will give an overview of the hardware used and the growth
mechanism of the GaN NWs synthesised in the VS growth mode through MBE. In partic-
ular nucleation, steady state growth and shadowing aspects will be discussed. This will
be done through the review of recent publications which set the stage for the investiga-
tions conducted within this thesis.
Molecular beam epitaxy
MBE is a method that allows the synthesis of very clean material through the deposi-
tion of material on a heated substrate inside a ultra high vacuum (UHV) chamber, us-
ing atomic or molecular directed beams. Usually rather slow growth rates compared
to MOCVD are employed which enables a high degree of controllability. The details of
MBE will not be discussed in this thesis as it could not give the full description that is
best found in textbooks. [109,110]
The machines used for the synthesis of the GaN NWs discussed in this thesis were: A
custom designed system manufactured by ”Createc“ at the Paul-Drude-Institut in Berlin
and a VG80M manufactured by ”VG“ at the Forschungszentrum (FZ) Jülich. Both sys-
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tems have a base pressure of below 10−9 mbar in standby and 10−5 mbar in operation.
The low base pressure ensures that the incorporation of unwanted elements is limited to
a minimum. The high pressure of 10−5 mbar during operation is caused by the N source.
In both cases an radio frequency (RF) plasma source that creates a beam of atomic N is
used. Nevertheless, the mean free path of 10 m of an atom or molecule is well above
the chamber dimensions. In addition to the N sources the chambers are equipped with
Knudsen effusion cells for Ga, In, Al, Mg and Si. The substrate is located about 30 cm
away from the sources and heated through the radiation of a filament near the backside
of the substrate.
Furthermore, the system at the Paul-Drude-Institut features a reflection high-energy elec-
tron diffraction system (RHEED) and a line-of-sight quadrupole mass spectrometer (LS-
QMS) for in-situ analysis. RHEED, unlike the LS-QMS, is a rather common in-situ method
used in MBE systems. For a detailed description the reader is referred to Ichimiya. [111]
The working principle of the LS-QMS will be discussed below. Both systems used are
equipped with a pyrometer facing the substrate for the in-situ temperature calibration.
Detail descriptions of the two systems can be found in the PhD. thesis of Dr. Ralf Mei-
jers [112] and Dr. Tobias Gotschke. [113]
The LS-QMS technique has demonstrated great potential for enhancing the understand-
ing of the growth and surface kinetic processes of GaN. Obtained data, for example,
helped in determining a growth mode diagram for GaN [114] and enabled a precise under-
standing of the GaN decomposition processes. [115] This technique is thus very promising
for providing information concerning the NW nucleation and growth. [116–118] The LS-
QMS method relies on the measurement of the desorbing atomic and molecular species
during growth. By a precise calibration during the full desorption of a known incident
flux of the same species on a substrate brought to high temperature, the LS-QMS signal
of the impinging flux is obtained and can be converted into growth units. [117]
Fig. 2.7 illustrates the geometry of the LS-QMS device. By restricting the acceptance angle
through the use of an aperture plate, local mass spectrometry of atoms or molecules des-
orbing from the substrate can be carried out. The mass to charge ratio determines which
species are enabled to pass along the four electrode rods all the way to the Farraday Cup
used for current detection. This detected current is converted into an equivalent partial
pressure. Using the aperture minimizes the background signal related to the desorption
from the manipulator and the chamber walls. [117] The LS-QMS used allows the detection
of ions in a mass range of 1 to 300 atomic mass units (amu) with a resolution better than
0.5 amu at 10% peak height. This device is equipped with a Continuous Dynode Electron
Multiplier in order to detect partial pressures down to 5·10−14 mbar with a maximum
time resolution of 2 sec. [117] The isotopes monitored for this thesis are 69Ga and 115In, Mg
could not be observed due to the high background pressure of N with a similar mass to
charge ratio.
GaN nanowire nucleation
Nucleation is the initial stage of the NW growth and ranges from the opening of the cell
shutters until NWs with an aspect ratio on the order of one have developed. It needs to
be viewed as a separate issue to the NW growth itself. This section introduces some basic
nucleation theory and concludes with the description of the NW nucleation phase.
Nucleation itself is a rather old topic and already quite well discussed by Maissel and
Glang (1970) [119] and Anderson (1978) [120] on which the following discussion is based.
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Figure 2.7: Schematic of a LS-QMS in operation for the monitoring of desorbing atoms. An
appropriate aperture plate limits the angle of acceptance to the size of the sam-
ple. [117]
The initial step, in all theories on nucleation, is the impingement of vapor atoms or
molecules on a substrate. After impingement, the vapor atoms can either adsorb and
stick permanently to the substrate (substrate temperature TS very low), they can adsorb
and reevaporate in a finite time, or they can fail to bond to the substrate at all and directly
disappear into the vacuum. For nucleation, only those that adsorb on the substrate, be it
for a finite time or for good, are of interest. Once the adsorbed vapor atoms have reached
a particular number density, a steady state is obtained, in which the flux of reevaporating
atoms equals the impinging flux. The mean residence time τa of an adsorbed atom before
reevaporation is given by:
τa =
1
ν0
exp
(
∆Gdes
kBTS
)
. (2.23)
With ν0 being the desorption attempt frequency and ∆Gdes being the free activation en-
ergy for desorption form a substrate. Nucleation can take place if the number den-
sity of atoms at any given time is high enough for aggregates to form. The capillarity
model [121,122] predicts that the free energy of formation of a condensed aggregate goes
through a maximum. This maximum in free energy arises from the large surface-to-
volume ratio of small aggregates. The dependence of the Gibbs free energy of an aggre-
gate is shown schematically in Fig. 2.8. Assuming a metastable equilibrium between the
adsorbed monomers and aggregates of various sizes, the concentration n∗ of nuclei with
critical size D∗ is given by:
n∗ ∝ exp
(−∆G∗
kBTS
)
(2.24)
with ∆G∗ being the corresponding critical Gibbs free energy. Critical nuclei can grow
to supercritical size by direct impingement or through incorporation of adsorbed atoms
diffusing on the surface. Taking into account their reevaporation energy barrier ∆Gdes
and the surface diffusion energy barrier ∆Gsd one can find the proportionality for the
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Figure 2.8: Schematic plots of the formation energy ∆G of two different adatom material
compositions. The energy barrier for formation is significantly lower for one type
of nuclei. The maximum in the Gibbs free energy ∆G∗ is reached when a nucleus
reaches the critical diameter D∗. [95]
nucleation frequency I∗:
I∗ ∝ exp
(
∆Gdes − ∆Gsd − ∆G∗
kBTS
)
. (2.25)
∆Gdes − ∆Gsd − ∆G∗ denotes the energy barrier to nucleation, one of the fundamental
physical parameters accessible to growth experiments. [123] In this framework, in particu-
lar the comparison between the behavior of GaN NW nucleation with and without sup-
ply of Mg will be described in section 4.1.1. [118] Very well described is the incubation
phase that follows immediately after the opening of the shutters of the effusion cells in
GaN NW nucleation. [116,118,123–128] Its origin is the formation of the initial subcritical ag-
gregates that eventually grow to critical size. Once the critical size is reached and GaN
growth starts, spherical caps are formed that grow to a certain size and then, through
plastic relaxation of the strain, form the NWs which continue to grow predominantly
along the c-axis afterwards. [19,129,130] It is worth to note here that NW density, degree
of coalescence, tilt and twist are determined or influenced during the nucleation stage.
One can manipulate the nucleation through several growth parameters available in MBE
(TS, III/V ratio, growth rate, substrate preparation, growth interruptions, supply of ad-
ditional atomic species) and therefore try to influence the final shape and density of the
wires in a desired way. [118,123,124,128]
GaN nanowire growth mechanism
After the nucleation phase, several mechanisms influence the growth of the NWs. Ad-
atoms on the surfaces of the substrate and the NWs can diffuse or desorb, NWs can
coalesce if they touch each other during their individual growth, at elevated tempera-
tures decomposition of already formed material might occur and due to the high number
density of the NWs on the substrate geometrical effects can lead to shadowing. All these
effects are addressed in this section.
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Atoms that are adsorbed on the substrate or the NW can either diffuse or desorb again.
The desorption properties of Ga atoms on GaN are well studied. The conclusion of these
studies is that, even under N-rich condition, a Ga-bilayers can form without the forma-
tion of droplets. Desorption of Ga is favored if the layer is not closed but can also takes
place directly from the bilayer. [131–134] In the case of the NWs it is questionable whether
the supply of Ga is sufficient to form an ad-layer or not. The mean residence time τa may
also differ significantly on the different surfaces of the NW. A difference in this sticking
property was proposed to be the driving mechanism behind the NW growth by Bertness
et al. [135]. Between adsorbtion and desorbtion, the atoms can diffuse along the surface
they are attached to. This diffusion process is widely excepted to be a major contribution
to the growth of GaN NWs. [136–140] As the NWs are grown in N-rich condition, an over-
supply of N is assumed and therefore only the diffusion of the Ga ad-atoms is taken into
account for the following considerations. The diffusion takes place along the substrate
surface, on the NW sidewalls and also on the top facet of the wires, see Fig. 2.9. It was
found experimentally that the axial growth rate of the NWs is higher than the Ga-flux
would allow for a two-dimensional layer. This means that apart from the Ga impinging
on the top of the wire a diffusion from the side walls of the NW towards its tip takes
place. Thus the incorporation rate at the tip is higher than the Ga-flux would normally
allow and therefore the growth rate is increased. [138]
Figure 2.9: Diffusion processes during the growth of GaN NWs. [136]
The introduction of an AlN marker layer into the GaN NWs was used to determine
the difference in growth rate of axial and radial growth and it was found that due to
the favored incorporation at the NW tips the axial growth rate is 33 times higher than
the radial one. [126] This type of growth mechanism leads to an enhanced growth rate for
wires with a small diameter d, compared with their thicker counterparts. As the top sur-
face area is proportional to d2 and the perimeter through which diffusion to the top can
occur is proportional to d, the axial growth rate turns out to be proportional to d−1. In
addition, this allows the determination of the diffusion length on the side facets and a
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value of 40 nm was found. [139] This diffusion length can of course be influenced by the
growth parameters, especially the substrate temperature TS has a significant influence on
the exact value. As the diffusion is such an important part of GaN NW growth, detailed
theoretical studies have been performed to model this system and to gain insight into the
microscopic processes. [141,142]
Coalescence is an effect which takes place if two or more neighboring NWs touch each
other and from there on form a single entity. Tensions (strain, stress) in the crystal will
be present, if the crystalographic orientation is not exactly the same. These tensions are
in some cases relaxed via the introduction of structural defects. [49,50,143] This results in a
degradation of the optical properties and is therefore in most cases not desired. On the
other hand, for some applications it is deliberately enhanced, e.g. to create high quality
strain free layers of GaN on foreign substrates. [144]
The decomposition is a thermally activated process which separates the compound crys-
tal into its atoms. At the used growth temperatures, this effects does play a significant
role. This is in particular the case for the InGaN growth described in chapter 5. In
this case, TS is well above the decomposition temperature of the In-N bond of around
470 ◦C. [145,146] Here, as well as in most cases of self-induced NW growth, the equilibrium
between the formation of bonds and their thermally activated breaking influences the
morphology, growth rates and in the case of InGaN the composition (see chapter 5). [147]
The geometry of the growth chamber is also of importance for GaN NW growth. In
particular the inclination angle under which the cells are mounted, with respect to the
substrate can have a significant influence (see Appendix B). [148,149] The directed molecu-
lar beams are usually not perpendicular to the substrate and therefore the growing NWs
do not only shadow one half of their own surface but, at sufficient densities and NW
length, also their neighbors. This can lead to a deficiency in material supply of the NWs
which are shadowed and can result in a decreased growth rate for that particular wire.
Lagging behind the other wires in height enhances the shadowing effect and finally some
wires stop to grow altogether. [150]
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GaN NWs grown in a self-assembled fashion by MBE exhibit very good crystal qual-
ity. [7,18,151,152] They can be grown on a variety of surfaces. Besides the growth on a thin
SiNx or AlN layer on Si(111), both of which are used in this framework, also the possibil-
ity to grow on Al2O3 [153,154] and even thick SiOx [19] layers has been demonstrated.
In order to be able to exploit their superior material quality it is necessary to create a de-
vice made of GaN NWs. A device such as an LED involves p- and n- type doping as well
as alloying with another element to form QWs (see section 2.2). As the additional supply
of these elements can change the growth behavior of GaN NWs it is worth to take a look at
the unperturbed GaN NW growth. The goal of this chapter is to get an overview of GaN
NW growth. In particular the time evolution of the geometrical parameters of the NWs
is of interest. In addition, some further observations will be discussed which are typical
for GaN NWs. These will act as a basis for comparison with NWs which are exposed to
additional atomic species for doping and alloying purposes, described in chapter 4 and 5.
3.1. Growth via MBE
In Fig. 3.1 two scanning electron microscope (SEM) images of a typical GaN NW ensem-
ble are displayed. The image Fig. 3.1a) was taken at an angle of 45◦ with respect to the
substrate normal. These kinds of images will be called birds-eye images throughout the
remainder of this thesis. Fig. 3.1b) was acquired with the view parallel to the surface
normal (top view image). A third common image geometry which is not shown here is
the cross section image in which the view is parallel to the substrate surface.
Fig. 3.1a) shows many NWs with different length and also diameters. This is a major
drawback for the self assembled growth of GaN NWs, as this makes processing all of
them at once difficult. A solution for this might be the selective area growth of
NWs [113,155–158] discussed in the outlook (chapter 7). Some effort will be undertaken in
200 nm 200 nm
a) b)
Figure 3.1: SEM birds-eye a) and top view b) images of a typical GaN NW ensemble.
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Figure 3.2: RHEED image of well developed GaN NWs at the end of the growth run.
this chapter to try to understand the geometrical properties of the GaN NW ensemble.
In Fig. 3.1b) the hexagonal nature of the wurtzite GaN crystal structure can be recog-
nized through the cross section of the NWs. Also, their side facets are aligned along
three preferential directions, indicating an epitaxial relationship with the substrate. The
existence of this relationship has been proven through x-ray diffraction (XRD) reciprocal
space maps. [143] In addition, one can see that several NWs have coalesced, while others
have a rather small diameter indicating that they grew undisturbed by their neighbors
until the growth was terminated. Several very small NWs are visible in Fig. 3.1a), these
can not be seen in the top view imaging mode.
The wurtzite structure of the GaN NWs can be directly observed with RHEED. The pat-
terns produced by the GaN NWs correspond to the hexagonal wurtzite structure of GaN
with the c-axis parallel to the substrate normal. However, the spots appear as broken
rings (see Fig. 3.2) as reported in [117,159] which indicates a misorientation of the NWs in
the form of a twist with respect to the Si substrate. The patterns in the two azimuths are
different as is expected for growth on Si(111). [117] This indicates a preferential orientation
with respect to the substrate and is another indication that some crystallographic infor-
mation is passed from the substrate to the NWs in spite of the presence of an amorphous
SixNy interlayer caused by the reactive N used for the growth (please find more on this
topic below).
Top view images also allow the determination of the NW density on a given sample. For
most samples densities in the order of 1010 cm−2 are commonly found. This results in an
average distance of around 40 nm - 100 nm between the NWs. The self organized growth
of the NWs raises question about the interaction of neighboring NWs during growth and
especially during the nucleation phase. The 2-dimentional radial distribution function
(RDF) allows to check for long range coordination between the NW nuclei. It describes
the density as a function of distance from a reference point, in this case the center of a NW.
The RDF of a NW sample with 10 min growth time and a density of 4 · 1010 NW/cm2 is
shown in Fig. 3.3. The vertical line indicates the mean distance of 50 nm between the
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Figure 3.3: Plot of the radial distribution function (RDF) of a GaN NW ensemble with a den-
sity of 4 · 1010 NW/cm2. The vertical line indicates the mean distance between
the NWs. The horizontal line repersents the expected value for a random distri-
bution.
NWs. The horizontal line represents the expected value for a random distribution. The
result shows no oszillation around the value 1 and therefore no long range correlation of
the NWs. Only a minimum distance of 28 nm ± 4 nm can be extracted from the initial
rise of the signal. This value is also found for a NW ensemble with only half the density.
Considering that this distance is measured from the center of one wire to the center of all
others, their finite size need to be taken into account. This leads to the conclusion that the
GaN NW nucleation sites are randomly distributed.
Length versus diameter (L-D) plots were created, in order to gain insight into what gov-
erns the GaN NW ensemble composition with respect to the different geometries of the
NWs. A plot typical for GaN NWs can be see in Fig. 3.4. For the creation of such a plot,
both length and diameter of a large number of NWs needs to be determined from cross
section images, such as the ones of the left hand side of Fig. 3.5. Special care needs to be
taken that only the NWs in the first row (the ones that can be seen in full) are counted.
Counting NWs which are partly covered by others in front of them, will result in an over
estimation of the long NWs. Another cautionary note must be made with regard to the
diameters. Several NWs do not have a perfect hexagonal symmetry, as can be seen in the
top view image Fig. 3.1b). This leads to an error in the determination of the diameter, as
the cross section images only allow to see a projection of the NWs. Nevertheless, this is
the only way of measuring both length and “diameter”at the same time for a large num-
ber of NWs.
In the plot three different types of NWs are identified and distinguished by the differ-
ent colors. Data point marked in black represent small NWs which are most likely not
seen in top view images. They have suffered from shadowing caused by their neighbors
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Figure 3.4: Length versus diameter plot of a typical GaN NW ensemble. The dashed and
blue lines serve a guide to the eye only and are intended to point out the region of
the diagram where NWs can be found. The three colors of the data points allow
the identification of different NW classes.
and were cut off from the material supply at some stage during growth. Therefore, their
growth stopped while the NWs around them continued growing. See the time evolution
series in Fig. 3.5, for further comparison. The red data points mark the NWs that fall
in a rather narrow length window (in this case between 500 nm and 850 nm) but have a
fairly broad diameter distribution. These NWs represent the majority of the ones which
actively took part in the growth at the moment the experiment was stopped.
The large diameter distribution is due to coalescence of neighboring NWs, which contin-
ued to grow as one entity after coalescence. Data points marked in green represent the
few NWs with very high aspect ratios. The length growth of these NWs benefits from the
fact that they do not suffer any shadowing and were also not subject to coalescence in the
early stages of the growth. Due to the nature of the GaN NW growth in which diffusion
plays a significant role, thin NWs exhibit an enhanced length growth. [139]
The dashed line in Fig. 3.4 marks the lower limit for the diameter. No NW with a smaller
diameter can be found on this sample. Throughout the investigation of L-D plots the
value found for the minimum diameter is 7 nm ± 2 nm, which is consistent with earlier
findings on the estimation of the critical diameter for NW nucleation. [19]
The blue lines serve as guides to the eye only and are intended to point out the region
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Figure 3.5: SEM cross section and top view images of a GaN NW growth time series.
of the diagram where NWs can be found. The shape of the top right line is again due
to diffusing Ga atoms, which move towards the NW top, where they contribute to the
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growth (see section 2.4). This growth dynamic causes a proportionality
l ∝
1
d
(3.1)
for well developed NWs, which are only slightly or not at all disturbed by the neighbor-
ing NWs. [139]
The bottom right line in Fig. 3.4, is the one which defines that NW growth is occurring.
To the right of this line aspect ratios would get smaller and smaller. A compact layer
would have an infinite diameter at any height. Island like nano structures have typically
aspect ratios in the order of one or below. All these structures would be found to the
right of this line. A high aspect ratio, on the other hand, is inherent to NWs. If a NW like
growth is dominant, a delimitation in the form of this line will always be present in such
a kind of L-D plot.
The blue line towards the left in Fig. 3.4 shows that NWs also grow in diameter as they
increase their length. Still, length growth is favored over diameter growth by far. This
finding is in line with previous publications of a 33 times higher vertical growth rate
compared to the radial one. [126]
In Fig. 3.5 both cross section and top view SEM images of NWs grown under the same
conditions but for different durations are shown. This kind of representation gives in-
sight into the evolution of GaN NWs during MBE growth. At the early stages hardly any
growth takes place at all. After 5 minutes almost no structure with an aspect ration of
one or grater can be found. Another 5 minutes later and therefore 10 minutes into the
growth a multitude of NWs can be found. They have a rather large relative spread in
both length and diameter. 20 minutes into the growth the first coalescence events have
taken place and the nucleation process has most likely terminated. After 90 minutes a
typical NW ensemble has developed with long and thin NWs, some large diameter NWs
which have undergone coalescence, and some NWs where growth stopped as they were
shadowed by their neighbors. 180 minutes into the growth the degree of coalescence has
increased and of course also the overall length of the NWs. Yet, the general observation
of the existence of three types of GaN NWs in an ensemble, discussed before, also applies
here.
The development of the NWs with time can also be very well appreciated by looking
at the corresponding L-D plots. These are displayed along side with histograms of the
NW length in Fig. 3.6. The development of the NW class, which has undergone coales-
cence, can be observed especially well in the L-D plots. Looking at the histograms for
90 and 180 minutes one can also observe a narrowing of the length distribution for the
most frequently found NW length. This narrowing might be explained by the influence
neighboring NWs have on each other due to Ga ad-atom desorption, re-adsorption and
shadowing processes. A model describing such kinds of events and growth dynamics is
currently in preparation. [160]
Transmission electron microscope (TEM) cross section images, like the ones shown in
Fig. 3.7a) and b), consistently show the formation of an amorphous SixNy layer between
the substrate and the NWs. This layer develops due to the exposure of the Si surface
to the highly reactive species of the N-plasma needed for nitride NW growth. It can be
avoided by the deposition of Al prior to the ignition of the plasma source. Yet, GaN NWs
also grow on this nominally amorphous SixNy layer in a good relationship with the un-
derlying Si substrate. [143]
Also in high resolution TEM (HRTEM) images, such as Fig. 3.7b), the wurtzite crystal
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Figure 3.6: Histograms of the length development of GaN NWs over time and the correspon-
ding L-D plots. Note the change in scale of the histograms from 20 to 90 minutes.
SEM images for the plotted data can be found in Fig. 3.5
structure of the NW can be identified. The c-axis is found to be parallel with the sub-
strate normal, in both the real space images as well as the diffraction images (not shown
here). Therefore the top facet of the NWs is the c-plane of the wurtzite crystal while the
25
3. GaN nanowires
5 nm40 nm
b)a)
Si
GaN
Figure 3.7: TEM cross section images of GaN NWs on a Si(111) substrate. The gray shadow
surrounding the NWs at their top in a) is SiO2, subsequently deposited for prepa-
ration reasons. The data was acquired by E. Sutter, Brookhaven National Labora-
tory.
NW side facets are a-planes.
3.2. Optical properties
Throughout this thesis, photo- and cathodoluminescence experiments will be used to
characterize the synthesized samples. Both relay on the creation of free charge carriers
and their recombination. The light emitted by this recombination process, carries in-
formation about the electronic structure of the material which can be extracted through
a measurement of its wavelength. PL and CL differ only in the excitation source used
which in both cases have their advantages and disadvantages.
A typical PL spectrum of GaN NWs is displayed in Fig. 3.8. The very prominent feature
which can be seen in the linear scale PL spectrum of Fig. 3.8a), is the near band edge
(NBE) peak of the GaN. It consists of donor and acceptor bound excitons as well as free
excitons. [21] Both DBE and ABE can be resolved clearly in logarithmic representation (see
Fig. 3.8b)). It is noteworthy, that no significant luminescence in the region between 1.9
and 3.0 eV is detectable. GaN films suffer frequently form defects which cause traps at
these energies and are associated with a bad crystal quality. [28,48]
Another feature can be spotted in the logarithmic plot of Fig. 3.8b). The broad emission
between 3.0 eV and 3.3 eV is associated with a DAP transition caused by Mg which acts
as an acceptor in GaN. [13,28] This is a recurring feature in the PL even though no Mg was
supplied during growth. It is most likely caused by a property of Mg commonly known
as the “memory effect”of Mg, which is frequently found in growth chambers. [161]
Another feature which is frequently observed, but appears here only as a shoulder of
the NBE peak, is the transition at 3.42 eV (SF). This transition is associated with excitons
bound to stacking faults which usually occurs in NWs when coalescence is involved. [50]
For a more detailed analysis of the general luminescence properties of GaN NWs, the
reader is referred to the Ph.D. thesis of Carsten Pfüller. [21]
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Figure 3.8: PL of a typical GaN NW ensemble in a) linear and b) logarithmic scale measured
at 5 K.
Conclusion
The general properties of MBE grown GaN NW have been presented. Especially the time
evolution of the NWs was investigated. L-D plots were presented and used to connect
the experimental findings with the growth model favored in contemporary literature on
the topic. The luminescence properties of GaN NWs were discussed.
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4. Doped GaN nanowires
The control of the electrical properties of GaN is the first obstacle which needs to be over-
come in device development, as is the case for any semiconductor. This chapter focuses
on p- and n-type doping of GaN.
The aim of this chapter is to investigate the changes in growth behavior and morphology
which occur when doping species are supplied to the MBE growth of GaN NWs.
At first, section 4.1 will look into doping GaN NWs with Mg. The subsequent section 4.2
highlights the effects of supplying Si. Implications for the growth as well as the optoelec-
tronic properties of GaN NWs will be discussed respectively.
Finally, in section 4.3, the knowledge gained regarding the influence of the two doping
species will be combined to form nominal p-i-n and n-i-p junctions in GaN NWs.
4.1. Magnesium doped GaN nanowires
Controlled p-doping in a wide concentration range is very difficult for wide bandgap
semiconductors. Unintentionally doped GaN is typically n-type. The reason for this
background doping are O and Si impurities. Native point defects such as vacancies,
antisite or interstitial defects, were found to be less likely to cause the high n-type back-
ground. [28,162] Initial efforts in the 1990s to obtain p-type doping resulted in heavily com-
pensated, highly resistive films. Therefore, the topic was of prime interest in GaN re-
search for many years. [28] In GaN NW growth, the self-purification effect [163] or the pecu-
liarities of the growth mechanism might hamper the incorporation of the p-type doping
species. Thus it is challenging to overcome compensation and reach true p-type material.
In this chapter, the effects of an additional supply of Mg, which acts a p-type doping
species, [28,164] to GaN NW growth will be discussed. Initially, a nucleation study will
give insight into the chemical activity of Mg during this growth phase. This is followed
by the general morphological and optoelectronical changes observed by doping GaN
NWs with Mg. [150]
4.1.1. Nucleation
This subsection reports on how a supply of Mg effects the duration of the incubation time
and the nucleation speed. The incubation time and its evolution with the growth tem-
perature are monitored by RHEED and by a LS-QMS to detect the Ga desorbing from the
substrate. [116] Subsequent to the growth, SEM top view and cross section images were
taken. These results are also correlated with the statistical analysis of samples grown for
only very short times.
The N/Ga flux ratio of 6.5 was kept constant for all samples. Prior to the growth, the
native Si oxide was removed in- situ by the deposition of a Ga layer. The Ga reacts with
the O of the native SiOx layer on the substrate to form GaxOy. This GaxOy can then be
desorbed by raising the temperature until the Si(111) 7× 7 reconstruction is observed by
means of RHEED. Subsequently the Si surface was nitridated for 5 minutes. Two sets
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500 nm
Figure 4.1: The density of NWs per unit area is plotted against the growth time for both
Mg doped and undoped samples. The insets show SEM top view images of the
indicated samples. The red and blue solid lines serve as a guide to the eye only.
of GaN NW samples were grown. The first set was a time dependence series for the in-
vestigation of the nucleation phase with the following growth parameters: TS of 790 ◦C,
nominal growth rate of Ga of 2 nm/min and N of 13 nm/min. [165] For the second set
of samples, TS was varied between 760 ◦C and 806 ◦C using the same Ga and N rates
employed for the first set. Both series were grown twice, once with Mg supply and once
without. The Mg source was set to 300 ◦C which yields a beam equivalent pressure (BEP)
of BEPMg = 2.5 · 10−8 mbar.
Based on the SEM top view images of as grown samples obtained for different growth
durations, a statistical analysis of the areal density of the NWs was carried out. In Fig. 4.1,
the NW density on the samples grown under Mg supply (red squares) and the ones with
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Figure 4.2: The partial pressure of 69Ga as detected by the LS-QMS in the growth chamber is
plotted versus the growth time for two samples, one with (blue) and one without
(red) Mg supply.
undoped GaN (blue circles) is plotted versus the growth time. Both, the series with Mg
supply and the one without show the characteristic behaviour of GaN NW growth de-
scribed by other authors. [116,123–127] In the initial phase, an incubation time can be ob-
served during which no NW growth takes place. Subsequently, the nucleation phase
follows, which causes a rapid jump in NW density on the substrate surface to values
above 4 · 1010 cm−2 in both cases. For longer deposition times, the NW density decreases
due to coalescence of closely spaced NWs. [50,126] Widely spaced wires, however, continue
to grow separately.
Comparing the results of the two series, it is evident that the nucleation under Mg sup-
ply is more rapid. In fact, the maximum NW density is reached earlier than it is the
case for the undoped samples. This is underlined by the SEM top view images of the
samples grown for 7.5 minutes shown in Fig. 4.1. At the same time, the tendency to co-
alesce is much stronger for the Mg doped wires (GaN:Mg) compared to their undoped
counterparts (GaN). This tendency of stronger coalescence has been previously observed
and has been linked to an enhanced lateral growth rate [150,166] (see also section 4.1.2).
The observation is confirmed by SEM top view images shown in Fig. 4.1 associated with
the samples grown for 20 minutes. The higher absolute NW density during nucleation
implies also that the NW nuclei are more closely spaced in case Mg is supplied. This
phenomenon, along with the higher lateral growth rate, drives the enhanced coalescence
as NWs touch each other much earlier during growth.
Fig. 4.2 shows the typical LS-QMS signal observed for 69Ga during the nucleation of
GaN NWs. The origin of the time axis was chosen to be at the moment of the opening
of the Ga shutter. Prior to this, the signal settles on a background value that is deter-
mined by the N supply to the plasma source and its stabilization. Upon opening of the
shutters, the 69Ga signal increases rapidly and settles again at a value which we define
as pinc, in this case at 1.3 · 10−10 mbar. The growth stage in which the signal stays con-
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Figure 4.3: Arrhenius plot of τ. Both data sets were fitted with an exponential function.
stant, can be associated with the incubation time, as no RHEED pattern indicating GaN
is observed. [116] The absolute level of this signal and the duration of the incubation time
depend strongly on the growth temperature, as well as the Ga flux. Subsequently, the
nucleation phase takes place, evidenced by a decrease in the 69Ga signal. The reason for
the decrease of the signal is the incorporation of Ga atoms into the nuclei which form
GaN. The rate at which this process occurs strongly depends on the number of already
formed nuclei. A RHEED pattern typical of GaN NWs starts to appear at the same time
the decrease begins. Its intensity steadily increases for the duration of this nucleation
phase. Finally, once nucleation has finished, the Ga desorption measured by the LS-QMS
and therefore also the incorporation rate of Ga stabilizes at values which remain constant
throughout the remainder of the entire growth run. For the samples presented in Fig. 4.2,
this level, which we define as pstab, is at around 4.5 · 10−11 mbar. At this stage, the amount
of incorporated and desorbed Ga does not depend on whether Mg is supplied or not.
While the qualitative behavior of the LS-QMS signal is quite the same for GaN and
GaN:Mg, a striking difference in the speed with which nucleation occurs. In the case
of GaN:Mg, the nucleation phase is much shorter. In order to quantify this nucleation
speed, the LS-QMS signal was analyzed in more detail. In particular, the slope of the
69Ga desorption decrease is of interest. In the intermediate stage between saturation and
incubation time, this decrease is almost linear. As the absolute values of the saturation
level may vary due to differences in background pressures, the pressure difference (pdiff)
defined as:
pdiff = pinc − pstab (4.1)
is introduced (see Fig. 4.2 for comparison).
This value is determined for each growth run. With this information, the times t1 and t2,
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when the LS-QMS signal reaches a partial pressure level of,
p(t1) =
(
pstab +
2
3
· pdiff
)
(4.2)
and
p(t2) =
(
pstab +
1
3
· pdiff
)
(4.3)
are extracted. Between these pressure levels, the LS-QMS signal decrease is almost linear
in all cases. The difference in time τ
τ = t1 − t2 (4.4)
between these two times gives an indication on the steepness of the signal slope. The
bigger τ is, the longer it takes to form nuclei and to get into a stable growth regime where
supply and incorporation/desorption of Ga do not change anymore over time.
This determination of τ was carried out for all doped and undoped samples grown at
different TS. In Fig. 4.3, the data is presented in an Arrhenius plot in order to determine
the nucleation energy as discussed in more detail by Consonni et al. [123]. Throughout
the whole TS growth window (760 ◦C − 806 ◦C), the nucleation speed of the GaN:Mg
samples is consistently higher. Moreover, the exponential fit of the respective Arrhenius
plot yields a lower nucleation energy barrier for GaN:Mg of 3.2± 0.3 eV compared to the
one for GaN of 4.0± 0.3 eV (see section 2.4).
It is evident from the difference in the nucleation energy that GaN:Mg is less sensitive to
temperature change than pure GaN. This observation and the enhanced nucleation rate
suggest that Mg acts as a stabilizer for the forming nuclei. Lymperakis et al. asserted that
stoichiometric non-polar GaN surfaces are intrinsically unstable against atomic N and
therefore Ga ad-atom incorporation events are more probable on the c-plane surface. [141]
This balance might shift with Mg acting as a stabilizer for N atoms allowing a higher
lateral growth rate and more rapid nucleation. Such an effect could also explain the
enhanced lateral growth rate observed in this study and elsewhere. [150,166]
4.1.2. Growth
This subsection reports on the effect of Mg on the morphology of GaN NWs as well as on
the effects that an additional variation of TS has on such NWs. In general an additional
supply of Mg to the growth of GaN NW results in an enhanced radial growth rate which
in turn causes more coalescence compared with NW grown without Mg supply (compare
previous section 4.1.1). [150,166] This effect can be seen in Fig. 4.4.
Due to the fact that the growth of GaN NWs takes place in N-rich conditions their growth
rate is Ga limited for longer growth times. Thus, the enhanced radial growth has also an
influence on the axial growth rate through the consumption of Ga. Mg doped GaN NWs
grown for 3 h were found to be 150 nm smaller than their 1.31µm long undoped counter-
parts. Apart from the Mg supply the growth conditions were identical.
The coalescence caused by Mg doping is an undesired effect, as it can lead to structural
defect in the NWs, which are otherwise free from extended defects. [50] This is always a
concern when dealing with Mg doping. The problem becomes even worse when rela-
tively low TS are chosen. These lower TS might enhance the Mg incorporation as it is less
likely to re-evaporate from the surface again, giving it more time to be included in the
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(a) (b)
Figure 4.4: SEM top view image of GaN NWs a) grown without an additional Mg supply
(coverage ≈ 50%) and b) with Mg supply (coverage ≈ 77%).
GaN matrix.
The GaN NWs used for this study were grown on Si(111) substrates in nitrogen rich
conditions (Ga/N  1). The silicon substrates were cleaned before epitaxy by a stan-
dard ex-situ chemical cleaning procedure and by in-situ annealing in ultra-high vacuum
at 925 ◦C for 15 min, in order to obtain an oxygen-free surface with a 7 × 7 reconstruc-
tion. A low Mg doping level was chosen in order to minimize the impact of doping
on the NW morphology and the structural properties. [167] The Mg cell temperature was
TMg=185 ◦C resulting in a BEP of BEPMg = 1 · 10−9 mbar. An Ga equivalent growth rate
of 0.7 nm/min, a growth duration of 2h, a nitrogen flow rate of 4 sccm and an RF-power
of 500 W (N equivalent growth rate: 15 nm/min) were used. The influence of the sub-
strate temperature on the morphology was investigated for samples grown at different
TS between 665 ◦C and 785 ◦C.
SEM birds-eye view images of the as grown samples were used to determine diame-
ter and length distributions. Top view images were used to evaluate the density of the
NWs. In Fig. 4.5 SEM birds-eye view images are presented for four of the Mg doped
samples. The NW samples exhibit roughly four distinguished morphology regimes. At
lower growth temperatures (665 ◦C to 685 ◦C), an almost compact layer with a height of
approximately 570 nm is formed. It is not clear whether this layer consists of coalesced
NWs or actually grows directly as a layer. Out of it, a few rather long wires emerge
(Fig. 4.5a)). In the intermediate temperature range from 725 ◦C to 755 ◦C a trimodal NW
growth mode is observed (compare section 3.1). The length of most wires was found to
be around 600 nm with an average diameter of about 60 nm. A number of thin NWs are
observed that exhibit a much higher aspect ratio. A third class of NWs is present, these
wires have a length below 400 nm and small diameters below 40 nm. This can be seen in
the histogram of Fig. 4.6a) where the peak around 600 nm in length (shaded in red) rep-
resents the first class of wires, while the counts at 850 nm and above originate from the
wires with an increased aspect ratio (shaded in blue). At elevated TS (785 ◦C) the NWs
are well separated and show a narrow quasi-cylindrical shape and no obvious faceting.
At even higher temperatures a significant decrease in diameter, length as well as density
(results not shown here) is observed, due to an increased Ga desorption as well as GaN
decomposition. [115]
The average length for each class of the trimodal NW distribution has been calculated
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Figure 4.5: a) − d) SEM birds-eye view images (tilt = 45◦) of GaN:Mg NWs grown at differ-
ent temperatures TS. The insets are top view SEM images of the corresponding
samples at the same magnification containing 26, 32 and 46 wires for the insets b),
c) and d), respectively. The number of wires in the inset of a) cannot be evaluated
as it is an almost compact layer.
Figure 4.6: a) Histogram of the length of NWs found for TS = 725 ◦C. b) Diameter and length
correlation for the same data set. The color code indicates the trimodal distribu-
tion.
for all the samples (shown in Fig. 4.6a)). The length of the wires in the different classes is
slightly decreasing as a function of substrate temperature as can be seen in Fig.4.7a). This
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Figure 4.7: a) Average length for each wire class as a function of temperature. The error
represents the standard deviation, the dashed lines are guides to the eye. The
colors used represent the three wire classes in their respective shadings which
can be seen Fig. 4.6. b) Density of wires as a function of substrate temperature.
The data points are calculated from SEM images showing an area of 4 µm2.
behavior might be explained by the increase of the Ga desorption rate at higher growth
temperatures.
We can identify a suitable temperature window (725 ◦C − 785 ◦C) for the growth of Mg
doped GaN NW, using as the only criterion the best quasi-cylindrical morphology. The
lower limit of the substrate temperature for the used growth parameters is defined by the
formation of an almost compact layer at TS ≤ 725 ◦C, and the upper limit is determined
by the Ga desorption rate which becomes the dominating process at TS > 800 ◦C.
The NW density increases with TS within the temperature range of 725 ◦C − 785 ◦C, as
can be observed in the top view SEM images shown as insets in Fig. 4.5a)−4.5c) and is
numerically shown by the statistical data in Fig. 4.7b) calculated from SEM images of 4.0
µm2 areas. The density amounts to 5.5 · 109 cm−2 at TS = 725 ◦C, whereas it increases to
9.5 · 109 cm−2 at TS = 785 ◦C. This effect is due to a reduction of the NW coalescence at
higher temperatures because of the enhanced diffusion of Ga ad-atoms toward the NW
top, and results in a reduction in lateral growth rate with respect to the vertical one. [126]
While at lower temperatures the difference in density between doped and undoped sam-
ples is negligible, it is more pronounced at TS = 785 ◦C. This is caused by a stronger
tendency of coalescence for doped wires (see also Fig. 4.1). Thus at this high temperature
not only the best morphology but also the highest NW density can be reached.
TEM measurements were performed, in order to investigate the effect of coalescence on
the structural properties of the GaN:Mg NWs. These NWs show few extended defects.
The TEM image in Fig. 4.8 shows the bottom of a typical Mg-doped nanowire. Those
defects which are observed are induced by the coalescence of wires and are present close
to the base of the NWs, but once the coalescence is complete (within 20−30 nm) the wires
grow without visible morphological defects. [50] Stacking faults or zincblende type inser-
tions, as reported in the case of higher Mg supply, [167] were not observed in our samples.
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20 nm
Figure 4.8: TEM image of the bottom part of a Mg-doped GaN NW. The coalescence of for-
merly three wires is completed within a few 10 nm and the strain caused by the
interfaces is relaxed at a similar length scale. The data was acquired by E. Sutter,
Brookhaven National Laboratory.
4.1.3. Optical properties
Optical investigations, such as Raman measurements and PL, can yield insights into the
crystal quality, defects and even the electronic properties of a material. Especially for
doping investigations these are powerful techniques as a dopant is a perturbation of the
ideal crystal. In this section, both Raman and PL investigations of the samples described
in the previous section are conducted. In order to gain a Raman signal free from the in-
fluence of the Si(111) substrate, the NWs were mechanically removed from the growth
substrate and transfered to a glass substrate. NWs prepared in this way are named free
standing NWs (FSNW) as they are not influenced by the growth substrate anymore. In
fact the wires are not entirely free standing as they have a tendency to form clusters of
a few 10 NWs aligned in parallel. An additional benefit is the reduction of the number
of selection rules, which need to be fulfilled, as the NW clusters are randomly oriented.
Raman spectra for Mg doped FSNW are shown in Fig. 4.9a) together with peak positions
of different vibrational phonon modes in GaN taken from Harima. [168] An intense and
sharp E2H peak with a full width at half maximum (FWHM) of 3.15 cm
−1 − 4.15 cm−1 can
be seen in all spectra, as well as a strong A1(TO) peak. The E1(TO) peak is weakly pro-
nounced as a shoulder of the E2H peak.
Besides these phonon modes of GaN two additional broad peaks of unclear origin can
be observed within the range of 400 cm−1 − 500 cm−1. The peak around 420 cm−1 might
be attributed to a vacancy related defect mode. [168,169] Furthermore, a weak Raman sig-
nal is present in the spectra of FSNWs from the Mg doped samples grown at 785 ◦C and
725 ◦C (peak at 520 cm−1). This signal originates most likely from Si particles which have
remained attached to the NW clusters despite their removal from the growth substrate.
The Raman spectra of the undoped reference samples are given in Fig. 4.9b). They show
the same characteristics as the spectra of the Mg doped samples described above. Addi-
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Figure 4.9: Raman graphs of a) Mg-doped and b) undoped GaN NWs grown at three differ-
ent temperatures. The positions of the Raman peaks shown here as vertical dotted
lines were taken from Harima. [168] The data was acquired by E. O. Schäfer-Nolte,
Forschungszentrum Jülich.
tionally, a broad peak can be found close to the position of the longitudinal optic Raman
modes (LO). However, quantitative differences between Raman spectra of doped and
undoped NWs can be detected. The A1(TO) peak intensity normalized to the E2H mode
is reduced for the doped sample compared to their undoped counterparts. This is due to
the polar character of the A1(TO) mode, therefore it is more sensitive to changes in the
carrier concentration. The sharpness of the E2H which gives information about the crys-
talline quality is enhanced by Mg doping as will be discussed later on associated with the
PL results.
Harima studied Mg doped GaN films and found significant changes in the Raman spec-
tra for increasing hole concentrations. [168] They observed a low frequency (< 300 cm−1)
continuum band arising from light scattering of free holes and a vibrational mode at
657 cm−1, which was attributed to a Mg−N vibration. The fact that none of these fea-
tures could be observed in the spectra of our Mg doped NWs is a confirmation that the
Mg concentration in these nanowires is low. Also in energy dispersive x-ray spectra
(EDS), acquired from isolated NWs in a TEM with a 10 nm spot size, no Mg signal was
found. This is expected though, as EDS is only sensitive to material content above a few
atomic % and therefore only well beyond doping levels.
The PL spectra for doped and undoped GaN NWs grown under the same conditions
at TS =785 ◦C, 755 ◦C and 725 ◦C are shown in Fig. 4.10. The major difference that can
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a)
b)
Figure 4.10: a) PL spectra of doped NW samples (red lines) and undoped NW samples (blue
squares) at different TS. b) PL intensity at 3.26 eV for all samples displayed in a).
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Figure 4.11: a) Integrated signal of the excitonic peak of doped and undoped NW samples
between 3.37 eV and 3.55 eV at different substrate temperatures; b) FWHM of the
E2H Raman mode of doped and undoped NW samples at different TS, the dashed
line is a guide to the eye only. The Raman scattering data was acquired by E. O.
Schäfer-Nolte, Forschungszentrum Jülich.
be observed between Mg doped and undoped NWs is a strong enhancement of the UV
luminescence band between 3.00 eV and 3.26 eV. This luminescence is assigned to DAP
transitions and their phonon replica (red shifted by 92 meV). [48,166,170]
The relative intensity of the UV band with respect to the near band edge peak, in the PL
signal of the samples grown at different TS, is increasing as TS is decreasing. Since un-
doped GaN NWs show an unintentionally n-type doping [171] the increase in the UV-band
ascribed to a DAP transition is most likely due to an enhanced concentration of acceptor
states caused by the Mg dopant. [28] As pointed out by Reshchikov et al. [48] the PL spectra
within the DAP range have also a contribution from a broad emission (peak at 2.95 eV)
associated with defects. This broad peak is increased at lower deposition temperatures
and partially covers the DAP contribution.
For a given TS, the intensity of the onset peak of the UV-band at 3.26 eV with respect to
the excitonic peak is significantly modified by Mg incorporation into the wires and can
be used as a measure of Mg incorporation. However, the evaluation procedure proposed
here using the DAP peak cannot be used to compare samples obtained at different TS,
because additional effects like for example the temperature dependence of the uninten-
tional donor state formation and the defect band at 2.95 eV also effect the PL spectra in
the DAP energy range. The luminescence intensity of the UV band as a whole in doped
wires increases for lower TS (see Fig. 4.10b)). Its relative intensity compared to the near
band edge peak of both doped and undoped NWs behaves likewise. The reduction in TS
causes a broadening of the exitonic peak at 3.47 eV (Fig. 4.10a)) and a decrease in total lu-
minescence efficiency (Fig. 4.11a)) due to degradation in material quality. As one can see
from Fig. 4.11a), the efficiency of the excitonic emission is increased by Mg incorporation
at low temperatures.
On the contrary, at high deposition temperatures, the efficiency is reduced in Mg doped
samples. Therefore one can conclude that apparently the crystal quality of the NWs is
improved at low deposition temperature by Mg doping and it is reduced for high tem-
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peratures relative to the undoped case. The additional disorder due to doping could
explain the reduction of the crystal quality at high temperature. At low temperatures,
as discussed above, Mg doping results in a stronger coalescence, [166] and thus many
bulk-like single crystal columns with bigger diameter are formed. The increase of the
crystal size, which has a benefit for the optical efficiency, may overcome the effect of the
doping-induced disorder. These results are in agreement with Raman measurements.
The FWHM of the E2H Raman peak decreases with TS for both doped and undoped NWs,
showing an increase of the crystal quality at higher temperatures (Fig. 4.11b), data ex-
tracted from Fig. 4.9). The effect Mg incorporation has on the FWHM of the E2H Ra-
man peak is similar to the one on the PL measurements (Fig.4.11b)). Resulting in lower
FWHM values for doped samples at low temperatures, which corresponds to a better
crystal quality, while at higher temperature a reverse effect is observed.
In summary one can say that PL holds the potential to give information on the Mg incor-
poration through the DAP transition, while the information gained by Raman measure-
ments is very limited, especially regarding the Mg doping level.
Overall none of these optical measurements has the potential to confirm that true p-type
material was achieved, this can only be proven by electrical measurements (see chapter
6).
4.2. Silicon doped GaN nanowires
Si is known to act as a donor in GaN when it is incorporated on a Ga site. It is there-
fore used for n-type doping. Unintentionally doped GaN has been observed to be n-
type. [13,28] Additional Si doping can enhance the carrier densities to levels desired for a
specific device application. [28] It is therefore necessary to investigate how to control Si
doping and what its effects are on the NW growth mechanism. The optimal setting of the
Si effusion cell for the creation of the n-type segment of a NW LED is determined.
4.2.1. Determination of the Si doping level
The first challenge of doping NWs in general lies in the determination of the doping con-
centration. Various methods have been developed for the characterization of thin films
in this respect [51] but most of them are not applicable for NWs. To this day, no reliable
and fast method has asserted itself. For this reason, an indirect approach to determine
the doping level in the grown GaN NWs is initially chosen.
To calibrate the Si effusion cell a superlattice of planar AlGaN and GaN layers was grown.
The Si concentration in the GaN layers was varied by supplying more Si during the
growth of each GaN layer. The AlGaN acts as a marker layer (see Fig.4.12a)). In the
cross section SEM images in Fig. 4.12b) and c), the AlGaN marker layers and the GaN:Si
test layers can be differentiated by their different material contrasts.
This superlattice structure was investigated by secondary ion mass spectrometry (SIMS),
a standard method for the determination of doping levels in semiconductor layers. [51] In
the SIMS data plotted in Fig. 4.13, the Al signal clearly allows the identification of the po-
sition of the five AlGaN marker layers. The valleys of the Al signal represent the position
of the GaN:Si probe layers. Each of these valleys in the Al signal coincides with a peak in
the Si signal. This peak value is now taken as the Si concentration in the corresponding
Si doped GaN layer being probed.
Plotting these values versus the Si effusion cell temperature in Fig. 4.14 one can fit the
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100 nm
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Figure 4.12: a) Sketch of the design of the structure with AlGaN marker barriers and GaN
layers with different Si doping concentrations. Also, SEM cross section images
of the grown superlattice in b) low and c) high magnification.
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Figure 4.13: SIMS data for Al and Si plotted as a function of the sputtering depth. The data
was acquired by RTG Mikroanalyse GmbH, Berlin
data with an exponential function. This is expected as the evaporation of Si from the cell
is a thermally activated process. The best fit for the displayed data is achieved with the
function:
cSi(TSi) = 1.2 · 1010 cm−3 · exp
(
TSi
52 ◦C
)
+ 4.7 · 1016 cm−3 (4.5)
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Figure 4.14: The Si concentrations of the GaN layers is plotted as a function of the Si cell
temperature and fitted with an exponential function.
The slope of the log plot in Fig. 4.14 is (0.0192± 0.0004) · TSi. This allows the calculation
of the supplied Si flux during NW growth at any given Si cell temperature TSi. Taking
into account that the NWs cover only roughly 55% of the substrate surface (compare for
example Fig. 4.4a)), yet have a higher growth rate compared to GaN layers [138] one can
calculate the volume of GaN grown in a given time unit. Assuming an incorporation
of all the supplied Si into the NWs, the Si doping concentration cSi can be estimated by
comparing this volume to the volume of a GaN layer grown in the same unit of time.
The estimates are presented in table 4.1. These values have to be understood as estimates
TSi [ ◦C] cSi [cm−3]
1000 4.5 · 1018
1100 3.0 · 1019
1200 2.0 · 1020
1300 1.4 · 1021
Table 4.1: List of the nominal doping concentration in GaN NWs at a given Si cell tempera-
ture.
only, as there has been no verification by another direct measurement method. Also the
assumption that all the supplied Si is incorporated is not necessarily valid. These values
can only provide guidance on the order of magnitude at which the doping concentration
may be found. Throughout the remainder of this section the cell temperature TSi will be
used to distinguish the doping concentrations of the NWs for these reasons, as the errors
in providing a number for cSi would be rather huge.
4.2.2. Growth behavior
The supply of an additional atomic species will influence the growth behavior of the
NWs, due to the nature of the growth mechanism employed for the synthesis in this
scope. In this section, the influence of an additional Si supply is discussed. The observa-
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Figure 4.15: SEM cross section and top view images of NW with different doping concentra-
tions are shown along with the L-D plots extracted from the cross section images.
tions are presented in Fig. 4.15. The first finding is the broadening of the NWs towards
the top, which takes place as the Si flux is increased. This can be clearly seen from the
SEM cross section images on the left hand side of Fig. 4.15. It is also obvious in the top
view images where the wire top facets cover more area at high Si fluxes. In addition
to this, the NWs lose their perpendicular orientation with respect to the substrate at the
highest Si flux (TSi = 1300 ◦C). At this TSi also small drops can be seen on the wire side
facets which may be agglomerates of Si or a mixture of Ga and Si.
As the Si flux increases the NW height decreases. This can be seen in the length versus
diameter plots (L-D plots) as well as in the SEM cross section images (see Fig. 4.15). For
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Figure 4.16: PL spectra of GaN NWs with different Si doping concentrations acquired at 10 K.
The data was acquired by C. Pfüller, Paul-Drude Institut für Festkörperelek-
tronik, Berlin.
the highest Si flux no L-D diagram was produced due to the difficulty of assigning a di-
ameter for wires that show a strong broadening.
Overall, one can say that the wires grown with an addition Si flux of up to TSi=1100 ◦C still
retain their NW morphology and do not show significant tapering. At the same time,
their doping concentration, as estimated in table 4.1, should already be significant.
4.2.3. Optical properties
In order to investigate the Si doped NWs further, PL and Raman scattering investigations
were conducted. These two methods allow qualitative insight into the crystal quality and
the effects of doping atoms.
In Fig. 4.16, the PL spectra of the samples presented in Fig. 4.15 are shown. The dominant
feature at 3.47 eV is the NBE peak of GaN which in turn is dominated by DBE transitions
(see also section 3.2). [48,172] In the range between 3.0 eV and 3.26 eV, the DAP signal is vis-
ible which is present in most NW samples synthesized in the machine at the Paul-Drude
Institut due to the memory effect of Mg, used in previous growth runs. [173] This signal is
generated by the Mg incorporation and does not yield information about the Si doping
of the NWs (see section 4.1.3).
Initially, the FWHM of the NBE peak shrinks due to Si doping. This could be explained
by an increased dominance of the DBE transition. Once TSi is increased above 1100 ◦C a
strong difference can be observed. The NBE peak is significantly broadened which can
be assigned to tailing of the density of states, caused by potential fluctuations due to ran-
domly distributed impurities. [174,175]
The Raman spectra acquired from the Si doped NWs are shown in Fig. 4.17. The very
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Figure 4.17: Raman spectra of GaN NWs with different Si doping concentrations acquired
with 413 nm excitation at 295 K. The data was acquired by M. Ramsteiner, Paul-
Drude Institut für Festkörperelektronik, Berlin.
intense peak at 568 cm−1 present in all spectra originates from the Si substrate and can
be safely ignored. All sample have a peak at around 739 cm−1 which can be assigned
to LO phonon transitions in GaN. [168,176,177] Both, the undoped reference and the sample
with the lowest Si supply exhibit a broad peak between 680 cm−1 and 750 cm−1. This
transition is usually associated with surface optical phonon modes. [178–180] These modes
appear frequently in NWs as they poses a high surface to volume ration. It is not clear
whether the broad shoulder between 600 cm−1 and 690 cm−1 in the spectrum obtained
for the NWs with TSi=1200 ◦C is also associated to such surface modes. Begum et al. [178]
describe a shift to lower wavenumbers with a decrease in correlation length (length de-
scribing the median distance from one defect to another). Such a decreased correlation
length would be expected for higher doping concentrations. Yet, it is not clear why no
such signal is found in the NWs grown with TSi=1100 ◦C. In none of the spectra coupled
plasmon-LO-phonon modes were found. These modes would give directly insight into
the carrier concentration variation due to the different doping conditions. [181]
In summary, the PL data suggests that a Si cell temperature of TSi=1200 ◦C is the level at
which the optoelectronic properties of the GaN:Si NWs start to deteriorate significantly.
Raman measurements signal little change in the properties of the NWs if TSi=1000 ◦C is
supplied. Higher Si fluxes clearly have an influence on the Raman spectra. The detailed
interpretation of these changes are subject of ongoing investigations.
4.2.4. Electrical properties
In order to test the effectiveness of the Si doping on the electrical properties of the Si
doped GaN NWs, two methods were employed. The first method (ensemble contacting)
is oriented towards the final integration of the NWs into a working ensemble device. The
other enables the extraction of data on a single wire basis (nanotip measurements). At
first, the ensemble method and it results will be described followed by the discussion of
the nanotip measurements on a few or even single wires.
For a measurement of the conductivity of the GaN:Si NWs, a piece of the as grown
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Figure 4.18: I-U characteristic of ensemble contacted GaN:Si NWs.
wafer was cleaved of and planarized by spin coating a solution of hydrogen silsesqui-
oxane (HSQ) resin. [182] This solution is transformed into an amorphous SiOx by thermal
annealing in air at 350 ◦C for 30 min. This step was repeated several times, for a detailed
description see section 6.2. After uncovering the NW tips by RIE, contact pads were litho-
graphically defined through the metalization of the NW ensemble with a Ti/Al/Ni/Au
(20 nm/ 20 nm/ 40 nm/ 80 nm) layer. [183,184] The Si substrate acted as a back contact.
These samples were then contacted in a probe station and I-U characteristics were recor-
ded. Several contact pad diameters were tested.
Some representative characteristics are displayed in Fig. 4.18. The Schottky diode formed
between the wires and the metal contact displays a rectifying behavior with varying con-
ductivity under forward bias for the differently doped NWs. The highest conductivity is
obtained for the wires experiencing a Si flux from the 1100 ◦C hot effusion cell. Also in
this analysis, the material with this doping concentration seems to be best suited for the
use in a NW device.
Aside from the conductivity analysis, the photo sensitivity of the device was tested. All
NW devices produced in this way did show a response to ambient light. In Fig. 4.19 the
current I is plotted under various lighting conditions at a fixed forward bias of 1 V. As
the top contact metalization is rather thick in these cases, the signal most likely origi-
nates only from the rim of the contact pads. For this reason, the signal is also rather weak
and no spectrally resolved photo current measurements were conducted. Nevertheless, a
photo response can be detected indicating carrier generation through the incoming light.
This means that the semiconductor NWs are contributing in a significant way to the I-U
characteristic.
The second method, employed was the contacting of a few or even individual NWs with
tungsten nanotips (W-nanotips). The samples were introduced into an SEM chamber
equipped with a piezo-stage for the control of the W-nanotips. One tip was approached
to the NW top facet and finally brought into contact. This allowed to drive a current
through the NWs and the Si substrate which again acted as a back contact. The corres-
ponding I-U characteristics can be seen in Fig. 4.20.
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Figure 4.19: The current through the ensemble contacted GaN:Si NWs is plotted as func-
tion of time. The dashed lines mark the turning ON/OFF of surrounding light
sources. State 1: Microscope light ON ceiling light ON. State 2: Microscope light
OFF ceiling light ON. State 3: Microscope light ON ceiling light OFF. State 4:
Microscope light OFF ceiling light OFF.
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Figure 4.20: I-U characteristics of GaN:Si NWs contacted with a W-nanotip in an SEM. The
data was acquired by J. Ledig, Technische Universität Braunschweig.
By determining the slope in the regime between -4µA and -2µA a resistance can be
extracted (see Fig. 4.21). The smallest resistance is found for NWs grown with TSi of
1100 ◦C.
Also this measurement confirms the previous results, namely the Si cell temperature of
TSi=1100 ◦C and the corresponding doping concentration, yield the best results with re-
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Figure 4.21: Resistances extracted from W-nanotip measurements. The data was acquired by
J. Ledig, Technische Universität Braunschweig.
spect to the use in a NW LED structure. The morphology is not strongly influenced for
this doping concentration. Also the optical properties are of similar quality as is the case
for the not intentionally doped NWs and the electrical conductivity is the highest of all
investigated samples.
4.3. P-i-n junctions
The utilization of NW structures in nano optoelectronics requires mastering both n- and
p-type doping. The influence of Mg doping was discussed in section 4.1. Section 4.2 fo-
cused on the morphological, electrical and optical properties of GaN NWs doped with Si.
Also other authors have been investigating effects related to Mg and Si doping in GaN
nano structures. [118,150,164,166,170,171,185–187] Especially the p-type doping appears to be a
crucial task and its careful control represents a major challenge. In this section, both n-
and p-type doping will be combined to form nominal p-i-n juctions within single NWs.
Si(111) substrates were cleaned before epitaxy by a standard ex-situ chemical cleaning
procedure and by in-situ annealing in ultra-high vacuum at 925 ◦C for 15 min, in order to
obtain an oxygen-free surface. An AlN buffer layer was fabricated prior to NW growth
by nitridation of a thin Al layer deposited at a substrate temperature of TS = 770 ◦C.
Nitridation was performed for 4 minutes using an RF-power of PRF = 500 W and a ni-
trogen flow rate of 4 sccm. Subsequently, TS was ramped to the growth temperature
of the GaN NWs (770 ◦C, 785 ◦C and 805 ◦C), which was performed using a Ga flux of
0.75 nm/min and the same nitrogen plasma conditions as for nitridation. For each TS
two doping sequences, one inverted with respect to the other, were fabricated: bottom
GaN:Si ( 2 hours) / undoped GaN (30 min) / top GaN:Mg (2 hours) (samples denoted
as type-A); upside down sequence: bottom GaN:Mg ( 2 hours) / undoped GaN (30 min)
/ top GaN:Si (2 hours) (samples denoted as type-B). For all samples, BEPSi was set at
6.0·10−10 mbar (TSi=1050 ◦C) while both 0.5·10−9 mbar and 2.0·10−9 mbar were used as
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Figure 4.22: SEM birds eye images of GaN NWs with two different doping profiles a) type-A
and b) type-B.
BEPMg (TMg=185 ◦C and TMg=230 ◦C).
The samples grown at TS = 770 ◦C and TS = 785 ◦C contain a dense ensemble of wires
with fairly homogeneous sizes. Almost no wire growth could be observed for samples
grown at TS = 805 ◦C and higher, as it is also the case for undoped GaN NWs, [18,188] in
contrast for instance to the growth of Si doped InN NWs for which a higher growth tem-
perature, if compared to undoped NWs, was reported. [189] For both doping species (Si,
Mg), changes in morphology have been observed by other authors [166] as well as within
this thesis (see section 4.1 and 4.2). [118,150] Yet, the fluxes of the doping species used in
the literature are much higher than the ones employed for fabrication of the samples dis-
cussed in this thesis. In fact the doping fluxes have been chosen as to promote almost
untapered and well separated NWs. SEM images of two representative samples of each
set can be seen in Fig. 4.22a) and b). In none of these samples a significant change in
morphology can be detected.
Exemplary PL spectra of type-A and type-B samples are presented in Fig. 4.23a). The
NBE peak of GaN was detected at around 3.47 eV in agreement with literature data. [28,48]
The luminescence signal between 2.90 eV and 3.26 eV is ascribed to a DAP transition
associated to Mg doping. [28,48,170] All type-B samples display a small and in some cases
even negligible DAP signal intensity if compared to that of the NBE peak. In contrast,
in type-A samples the DAP signal exceeds the NBE emission intensity by approximately
one order of magnitude. The NBE transition of type-A samples (see Fig. 4.23b)) consists
of two contributions, one centered at 3.467 eV associated with ABE and one located at
3.472 eV originating from DBE recombinations. [28,48] Both have approximately the same
intensity and a similar FWHM of less than 3 meV. The NBE luminescence of type-B sam-
ples consists only of the DBE emission with a comparable FWHM of less than 3 meV.
As GaN NWs usually display an n-type background doping, the DAP signal might be
used as a measure of incorporated optically active Mg, leading at first sight to the con-
clusion that more Mg has been incorporated in type-A samples. [28,171,190] However, NW
ensemble optical measurements can suffer from influences caused by geometric effects,
for instance related to re-absorption of light by neighboring wires or a limited penetra-
tion depth of the laser light into the probed material. [164,177,191]
To confirm the existence of the measured effect, µ-PL measurements on single wires
were carried out. Spectra were acquired of several single NWs. Two representative mea-
surements are shown in Fig. 4.24. As observed for the ensemble case, the most obvious
difference is the presence of a DAP transition in type-A samples. The difference in rel-
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Figure 4.23: a) Ensemble PL data of the samples of type-A and B. b) PL signal of the NBE
region at a higher spectral resolution. The vertical lines indicate the positions of
DBE and ABE according to Reshchikov et al. [48]. The numbers next to the peaks
are position and FWHM of the respective signal. The data was acquired by C.
Pfüller, Paul-Drude Institut für Festkr¨perelektronik, Berlin.
ative intensities of DAP and NBE, if compared to the ensemble measurements can be
explained by the much higher excitation intensity required for the µ-PL measurements.
The µ-PL laser spot is larger than a single NW, therefore it does not allow to deter-
mine the spatial origin of the DAP luminescence. To this end, CL measurements were
performed on cleaved samples in cross section with the electron beam parallel to the sub-
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Figure 4.24: µ-PL spectra of single NWs dispersed on a SiO2 substrate with different dop-
ing profiles. The data was acquired by C. Pfüller, Paul-Drude Institut für
Festkr¨perelektronik, Berlin.
strate surface. The spectra acquired from the NW ensemble at low magnification resem-
ble very well and thus further confirm the results of the ensemble PL measurements (see
Fig. 4.25). The spacings of the three peaks in the spectral region between 3.1 eV and 3.3 eV
of 92 meV each suggest, that these are phonon replica of the zero phonon line (ZPL) of the
DAP transition at 3.26 eV. [28,48,166] The fact that the expected intensity decrease associated
with phonon replica is not observed, suggests the presence of another broad emission in
this spectral region (compare subsection 4.1.3).
In Fig. 4.26, SEM and two monochromatic images are presented for each sample type.
The monochromatic images were recorded at 3.27±0.02 eV (DAP) and 3.46±0.02 eV
(NBE). For type-A samples (Fig. 4.26a) - c)), the DAP clearly originates from the top half
of the wires while the NBE emission is located predominantly in the bottom half. In the
case of type-B samples (Fig. 4.26d) - e)), no spatial location of the DAP can be identified
in contrast to the NBE emission which mainly originates from the top half of the NWs
and is dominated by donor bound excitons. [50,192]
A flip of GaN polarity has been often reported for MBE grown layers at the onset of Mg
co-deposition and it is well know that the polarity has a strong influence on the incorpo-
ration properties of Mg into the GaN matrix. [193,194] From this perspective, it is mandatory
to explore the polarity issue.
Therefore, intensive TEM investigations of both samples were performed. The polarity
of the wires was determined via electron energy loss spectroscopy (EELS), for details on
this method see Kong et al. [195]. Several wires were investigated at multiple positions
along the wire axis and in each case a nitrogen polarity was found. In addition, no other
structural features that would distinguish the two types of samples could be found.
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Figure 4.25: Ensemble CL spectra of GaN NWs with two different doping profiles and a GaN
reference. The data was acquired by S. Geburt, Universität Jena.
The AlN buffer layer described above was intended to aid in the epitaxial orientation of
the NWs and to prevent the formation of an amorphous SixNy layer. TEM investigations
show that instead small AlN islands are formed. The formation of the SixNy was not pre-
vented by the pre-deposition and nitridation of an Al film. Nevertheless, growth of AlN
seems to aid in orienting the GaN NWs and fewer of them grow at an inclination angle
other than 90◦ ± 3◦.
Finding no closed AlN layer was a surprising feature. Instead most NWs are associated
with one or two of these small AlN islands at their base (compare Fig. 4.27b)).
Considering PL, CL and TEM results, we conclude that during the first stages of the
growth of GaN NWs, the incorporation of Mg is either hampered or it does not act as an
acceptor, while in the latter phase of the growth, the Mg is more effectively incorporated
and acts as an acceptor in the GaN matrix.
In general, it is reasonable to assume that the Mg incorporation takes place at the sur-
face of the NW, either at the top or the sidewall. No further segregation into the NW is
expected and thus a Mg atom, once incorporated, does not change its position. The Mg
atoms are preferentially incorporated at the top of the NW, whereas incorporation at the
sidewalls can safely be neglected since the wire diameter does not change significantly
during growth under the used growth conditions (Fig. 4.22). Those Mg atoms impinging
on the sidewalls can diffuse similar to Ga adatoms [139] either to the NW top or bottom.
We assume that the Mg atoms reaching the bottom can be passivated, desorb or incor-
porate into the Si or SixNy matrix. Such an incorporation or in-diffusion mechanism is
hinted at in SIMS measurements of Mg doped NW. In Fig. 4.28 an increase in the 40MgO+
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Figure 4.26: a) and d) monochromatic CL images of light emitted at 3.27(2) eV of samples
of type-A and B respectively. Luminescence from this energy range originates
from DAP transitions. b) and e) SEM micrograph of samples of type-A and B
respectively. c) and f) monochromatic CL images of light emitted at 3.46(2) eV
of samples of type-A and B respectively. Luminescence from this energy range
originates from the NBE peak. The dashed line in each image indicates roughly
half the height of the NWs. The data was acquired by S. Geburt, Universität
Jena.
signal can be observed between 50 s and 100 s of sputtering time, well into the decrease
of the 71Ga+ signal and the simultaneous increase of the 30Si+ signal. This suggests that
Mg was integrated into the Si matrix during growth. These Mg atoms on the other hand
would not have been available for the NWs anymore.
The final Mg concentration is thus given by the number of Mg atoms reaching the top
facet of the NW (either by direct impingement or by sidewall diffusion). An upper limit
can be given by assuming that all Mg atoms diffuse instantaneously to the top and get
incorporated there. Since the total number of Mg atoms deposited on the sidewalls is
linearly dependent on the NW length, the Mg concentration increases linearly if the NW
length does not exceed the diffusion length (limited e.g. by desorption from side walls)
of the Mg atoms. For longer NWs, the incorporation saturates resulting in a constant Mg
concentration. The same behavior is expected when shadowing effects are considered to
be relevant, for instance in case of high NW densities.
We further know, that the incubation time during the initial nucleation phase plays an
important role in the determination of the growth rate as the total growth time should be
reduced by the nucleation time (compare section 4.1.1). [118,123,126] This means that the ef-
fective Mg incorporation time of type-B NWs is shorter than that of type-A. However, the
difference in nucleation time amounts only to a factor of 1.4 and thus it is not sufficient by
itself to explain the measured data. Furthermore, we can speculate that incorporated Mg
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Figure 4.27: TEM images of a type-A GaN NW base. The images were acquired during the
polarization determination via EELS. [195] The data was acquired by X. Kong,
Paul-Drude Institut für Festkörperelektronik, Berlin
atoms might be passivated by in-diffusing Si atoms from the substrate. This can be fur-
ther substantiated as usually undoped GaN NWs show at their base an almost optically
inactive segment [50] and electrically active defects, [196] although those could not directly
be related to Si in either donor or acceptor state.
Another effect that needs to be taken into account is the non-constant axial growth rate
of GaN NWs. [113] The fact that NWs have a rather high growth rate at the beginning of
their growth which stabilizes only after some time (the exact time depends on the growth
conditions) causes an inhomogeneous material deposition. Therefore, Mg supplied at the
beginning of the growth can be distributed over a bigger volume compared to Mg sup-
plied in a later growth phase when the volume increase per time unit is smaller.
In summary, each effect considered singularly is insufficient to quantitatively explain the
data. Yet, they all suggest the preferential incorporation of Mg as an acceptor at the later
stages of the growth and we can speculate that the synergistic action of these effects is
sufficient to support the experimental results.
In conclusion, we have investigated the effect of Mg doping in GaN NWs at different
stages of the growth. Mg is much more likely to be incorporated when supplied after the
NWs have already developed as assessed by PL and CL spectra. A polarity flip could be
ruled out and nitrogen polarity was determined via EELS for all investigated samples.
Mg incorporation hampering in the nucleation stage is discussed and could be explained
considering the concomitant appearance of several kinetic and geometrical effects.
The results of this section lead to a technologically relevant conclusion. The incorpora-
tion of Mg in GaN NWs is much more effective if it is not done in the initial stages of
the growth but rather when the NWs have developed for some time and gained a sig-
nificant length. This effects the device design as it implies difficulties in the creation of
p-type GaN at the Si/GaN interface. As a consequence GaN NW LEDs need to have their
n-terminal at Si/GaN interface and their p-terminal at the top of the NWs.
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Figure 4.28: SIMS profile of a GaN NW ensemble doped with Mg.The data was acquired by
ZCH, Forschungszentrum Jülich.
Conclusion
Within this chapter both p-type (Mg) and n-type (Si) doping species were investigated.
Mg doping proves to have a significant influence on the growth behavior of GaN NWs.
Their nucleation occurs faster in the presence of Mg [118] and also the lateral growth rate is
increased. Even though the evidence for an increased incorporation at lower TS is weak,
it does not contradict this notion. [150]
Also Si has an influence on the growth dynamics of self-assisted GaN NWs. It leads to
broadening of the NWs during growth and a loss in orientation with respect to the sub-
strate. A Si flux was found at which the morphology and optical properties are only
slightly effected while the conductivity is enhanced at the same time.
Nominal p-i-n and n-i-p junctions within GaN NWs were synthesized. The strong differ-
ence in the optoelectronic properties upon reversing the doping profile was investigated.
Especially the acceptor concentration varies significantly. Though no single mechanism
discussed is sufficient to explain the observed behavior, they all point to an improved
incorporation of acceptors when Mg is supplied after the initial formation of the NWs.
The technologically relevant information extracted from this result is that the doping se-
quence for a NW pn-junction needs to start with Si doping and end with Mg doping.
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The active zone of a GaN based LED typically consists of an insertion of InxGa1−xN. This
alloy enables capturing of the electrons and holes for efficient recombination [13,28] as well
as tunability of the emitted photons through tailoring of the bandgap between 0.7 eV of
InN and 3.4 eV of GaN (see section 2.2). [13,26]
The goal of this chapter is to synthesize InGaN QWs within GaN NWs and to achieve
control of the In composition within them. The discussion is focused on the effects which
occur if InGaN is grown subsequent to GaN NW growth. In order to get a feeling for the
behavior of this kind of growth, initially pure InGaN growth is addressed (section 5.1).
Moreover, the growth of segments and nanodots on top of a GaN NW base and the re-
sulting structures are presented (section 5.2). [176] Finally the QW and MQW growth is
briefly discussed in section 5.3. [197–199]
5.1. InGaN nanowires on Si
In order to create InGaN for NW-LEDs initial tests were conducted to grow pure InGaN
NWs directly on Si. For this purpose the silicon substrates were cleaned before epitaxy
by a standard ex-situ chemical cleaning procedure (2 min ultra sonic bath in Acetone
and Isopropyl alcohol each) and by in situ annealing in ultra-high vacuum at 925 ◦C for
15 min, in order to obtain an oxygen-free surface. The substrate was cooled down to a
substrate temperature around TS = 600 ◦C. This is well above the decomposition tem-
perature of InN (470 ◦C). [28,146] For the growth, a Ga flux of 0.3 nm/min, an In flux of
1.1 nm/min, an RF-power of 500 W, a nitrogen flow rate of 4 sccm and a growth du-
ration of 2 h was chosen. Several authors have found that the In content in InGaN is
strongly effected by the growth temperature and less so by the ratio of the supplied ma-
terial. [147,200–202] For this reason a series of samples with different growth temperatures,
namely TS = 580 ◦C, 610 ◦C and 630 ◦C, was grown. In Fig. 5.1 SEM top view and birds-
eye images of these samples are presented. All three show a columnar morphology and
exhibit a strong tendency of coalescence. The spacing between the structures is very small
compared to typical GaN NW growth (see e.g. Fig. 3.5). In addition to NWs a parasitic
layer is formed in the case of the TS = 580 ◦C growth.
PL measurements were conducted in order to determine whether the formed nanostruc-
tures consist of InGaN. According to equation (2.2) the bandgap of InGaN should shift
with rising In content towards the bandgap of InN (0.7 eV). Fig. 5.2 shows the acquired
spectra for two of the samples described above, along with two standard spectra, one of
InN NWs and one of GaN NWs.
The shift in emission energy to around 2.2 eV suggests the synthesis of InGaN with an In
content of around 31% for the sample grown at TS=630 ◦C and 34% for the sample grown
at TS=580 ◦C. The acquired spectra are rather broad, indicating significant compositional
variations. Even though a Ga to In ratio of ≈ 1:4 was supplied, much less In has been
incorporated, than the 80% In-content expected for total incorporation of all the supplied
material. This can be explained by the fact that TS was well above the decomposition
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Figure 5.1: SEM top view and birds-eye images of InGaN NWs grown directly on Si(111)
substrates with varying TS.
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Figure 5.2: PL spectra of InN, InGaN and GaN NWs grown directly on Si(111) substrates.
The InN NW data was acquired by T. Gotschke, Forschungszentrum Jülich.
temperature of InN. This means that In-N bonds are not stable and a dynamic equilib-
rium between the formation and breakage of bonds is established.
Due to the low growth temperature, compared with typical GaN growth, a high density
of structural defects can be expected, which could cause defect luminescence in GaN with
a PL emission at 2.2 eV. [48] In order to rule this hypothesis out, a GaN sample grown with
the same growth parameters but without In supply was investigated, and no lumines-
cence at 2.2 eV could be detected.
In addition to the discussed sample series in which TS was varied, series with a change
in In or Ga flux were grown as well. In neither one of them a significant shift of the lu-
minescence due to the change in growth parameters was found via PL. This confirms the
findings of other authors, mentioned earlier, that TS is the most influential parameter for
the In incorporation in GaN. [147,200–202]
InGaN is desired to be the active region of a GaN NW based LED, for this reason these
initial trials directly on Si can only provide some first insights into the behavior of InGaN
MBE growth in N-rich conditions. The next step is the synthesis of InGaN on top of an
existing GaN NW.
5.2. InGaN segments on GaN nanowires
This section will focus on the overgrowth of a GaN NW base with an InGaN cap. A
majority of this section will focus on an overgrowth of equal duration as the base growth,
2 hours each. In addition to this, data from GaN NWs overgrown for only 30 minutes will
be presented.
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Figure 5.3: SEM birds-eye images a) of InGaN grown directly on Si at TS = 600 ◦C. b) of pure
GaN NWs grown at TS = 785 ◦C. c) SEM cross section image of a InGaN/GaN
heterostructure, both InGaN and GaN were grown for 2 hours each with the same
growth conditions as the samples displayed in a) and b), respectively. d) Sketch of
the NW morphology according to analysis. The blue core represents the initially
grown GaN NW. The green shell is formed during the subsequent InGaN growth.
Growth and structural properties of InGaN segments on GaN NW
The InGaN/GaN heterostructure NWs were grown on Si(111) substrates. The silicon sub-
strates were cleaned before epitaxy in the same way as described in section 5.1. The GaN
NW base was grown at a substrate temperature of TS = 785 ◦C, a Ga flux of 0.7 nm/min,
an RF-power of 500 W, a nitrogen flow rate of 4 sccm and a growth duration of 2h. Sub-
sequently the growth was interrupted and TS ramped down to 600 ◦C within 10 minutes.
Thereafter the InGaN growth was started for 2 h, or 0.5 h respectively with a Ga flux of
0.3 nm/min and an In flux of 1.1 nm/min with the same nitrogen plasma conditions.
The morphology of the samples was investigated by SEM. SEM birds-eye images in
Fig. 5.3a) and Fig. 5.3b) show pure InGaN and GaN NWs, respectively. These two ref-
erence samples were grown under the same growth conditions used for the GaN NW
base and InGaN cap (2 h) respectively. The InGaN and GaN NWs are displayed to al-
low comparison with the InGaN/GaN heterostructures, shown in Fig. 5.3c). It can be
60
5.2. InGaN segments on GaN nanowires
500 nm
500 nma)
c) 500 nmd)
50 nmb)
2h
4h
Figure 5.4: SEM images of InGaN segments with 30 minutes growth time on top of a GaN
NW base. a) and b) SEM birds-eye images of segments grown on a GaN NW base
of 2 h growth time. c) and d) SEM birds-eye and top view images of segments
grown on a GaN NW base of 4 h growth time.
seen (Fig. 5.3a)) that the InGaN nanowires have a small aspect ratio of about 4 and no
symmetric hexagonal shape is evident from SEM top view images. In contrast to the
InGaN NWs, both GaN NWs and the heterostructure NWs have high aspect ratios and
exhibit faceting with hexagonal shape, consistent with the top basal plane perpendicular
to and growth along the c-axis. However, it can be seen that the heterostructure NWs
increase in diameter towards the top, whereas the GaN NWs have smooth and very par-
allel sidewalls, i.e. a uniform diameter over the entire length of the GaN NW. Moreover
the GaN NWs have a flat top surface while the InGaN/GaN NWs exhibit a complex apex
with a three-fold symmetry. Three of the 6 sidewalls are terminated in triangular shaped
sidewalls labeled I in the morphology scheme in Fig. 5.3d) (the blue hexagonal core rep-
resents the initially grown GaN while the green shell is formed during the subsequent
InGaN growth). The hexagonally shaped facets labeled II are inclined towards the center
of the wire and form a tripod pyramid. The complex morphology is similar to the one
observed by Kishino et al. [158] but differs from the findings by Hong et al. [203] where the
NW tops were seen to be almost flat.
For the use in NW LED structures the InGaN active zone will consist of much smaller
segments then those presented in Fig. 5.3c). For this reason InGaN segments with only
30 minutes growth time were synthesised (see Fig. 5.4). Also for this sample pyramidal
shaped top facets can be seen, especially in the case of the segments on top of the 2 h
growth time GaN NW base (Fig. 5.4b)). The wires with the 4 h base growth time on the
other hand show tapering but have flat top facets, see Fig. 5.4c) and d). This difference
can be explained by the significant difference in the diameters of the wires: The ones
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Figure 5.5: a) TEM cross section of the InGaN/GaN NW ensemble. b) TEM of the top region
of an InGaN/GaN heterostructure nanowire and the corresponding diffraction
pattern. c) HRTEM of the top region of an InGaN/GaN wire. The white box in-
dicates the previously grown GaN, stacking faults can be observed in the areas in
the red and blue boxes. The insets show HRTEM pictures of two different regions
in the NW. The data was acquired by E. Sutter, Brookhaven National Laboratory.
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with a 4 h growth time base have a significantly bigger average diameter. This means the
same amount of InGaN capping has to fit into a much smaller area in the case of the 2 h
base growth compared with the 4 h base growth. In turn this leads to a decreased height
of the caps and might not be enough for the formation of a pyramidal shape cap. Such
a behavior could also be the explanation for the different observations by other authors
mentioned before [158,203] and is currently a topic of ongoing research. [204] For both NW
base types no overgrowth of the side facets is obvious as there is no increase in diameter
towards the top. This is different from the case of the sample displayed in Fig. 5.3c) with
2 h InGaN growth time.
HRTEM investigations were performed, in order to investigate further the overall mor-
phology and the complex apex structure found in the samples displayed in Fig. 5.3c)
with a 2 h InGaN growth time. Fig. 5.5a) shows a cross-sectional TEM image of an array
of InGaN/GaN NWs. In contrast to the pure GaN NWs, the InGaN/GaN NWs exhibit a
gradual increase in diameter towards the tops (as well seen by SEM, Fig. 5.3c)). A cap-like
structure with a faceted apex is visible at the top part of the NWs. A somewhat smaller
increase in diameter is seen close to the base of the heterostructure NWs as well as some
additional small wires adjacent to the base of the longer ones. The change in diameter of
the longer NWs can be attributed to InGaN growth on the GaN NW sidewalls. The small
NWs most likely also nucleated in the InGaN phase of the growth [126] as they show the
same tendency to coalesce (observed in SEM images not shown) as is observed for pure
InGaN NWs (SEM image in Fig. 5.3a)). In Fig. 5.5b) a higher maginification TEM image
from the middle section of a heterostructure NW and the corresponding diffraction pat-
tern (DP) are shown. The DP can be indexed to the GaN wurtzite structure growing along
the c-axis. The simulated DP along the [21¯1¯0] zone axis is shown for comparison in color
(slightly shifted towards the right from the experimental spots). It can be seen that the
diffraction spots originating from this part of the NW are of two different crystal orienta-
tions, i.e. the electron beam probes regions of material with two different lattice spacings.
This would be the case if the electron beam penetrates through a thin but well defined
shell of InGaN (larger lattice constant than GaN) grown on the GaN core. Another cause
could be the presence of a cubic phase alongside the hexagonal wurtzite phase.
The cross-sectional HRTEM image in Fig. 5.5c) shows a high resolution image of the cap
on top of the GaN NW base. The faceted apex of the wire has a different crystallographic
orientation than the lower parts. This is highlighted in the insets of Fig. 5.5c) showing
lattice images of the trunk and cap of the NW. The DP from the cap shows that there is
still a GaN core present in the cap region but the InGaN alloy has now a growth direc-
tion inclined by 66◦ relative to the original direction. The inclination of the InGaN cap
fluctuates from wire to wire, with inclinations of the terminating facets leading to shape
variation. The interface between the two distinct parts of the NW having different crys-
tallographic orientation is clearly indicated by the termination of an inclined stacking
fault (marked by a blue rectangle in Fig. 5.5c)). In addition, the cross section depicts two
defects one on either side of the image, which extend approximately 25 nm from the side
surface into the wire (marked by the red boxes in Fig. 5.5c)). The position at which these
defects terminate appears to coincide with the sidewall surface of the previously grown
GaN NW. This leads to the conclusion that the subsequently grown InGaN alloy covers
the top part of the GaN NW on the sidewalls and the top facet, where it forms a com-
plex cap, schematically shown in Fig. 5.3d). For illustration the white line in Fig. 5.5c)
indicates the interface between the GaN trunk and the InGaN cap. Thus there is an axial
interface at the top and a radial interface at the sides of the GaN trunk. The InGaN grows
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Figure 5.6: Local FFT results from indicated positions of the TEM image along the wire and
the corresponding c-lattice parameters. The azimuth is the [112¯0] direction. The
data was acquired by E. Sutter, Brookhaven National Laboratory.
on the sidewalls at the upper part of the GaN trunk, forming a core-shell region. On the
top facet of the GaN NW core a faceted cap is formed.
A careful structural investigation of the NW in Fig. 5.6 was performed, in which HR-
TEM images from 10× 10 nm2 regions along different parts of the wire were analyzed
using fast Fourier transform (FFT) to evaluate the spacings of the crystallographic planes
of the InGaN and the GaN core and their relative orientation. The areas of FFT analysis
were taken from regions with no visible stacking faults or other extended defects. The
presence of such defects and strain fluctuations in neighboring areas can influence local
lattice spacings. Yet, such defects are only found in the parts of the NW close to the top.
These effects, as well as the local residual strain are neglected in our computation of the
In concentration profile. The InGaN growing on the sidewalls, forming the shell around
the trunk has the same crystal orientation as the GaN. Within this core-shell region of
the wire, InGaN is deposited non-uniformly, resulting in NWs with constantly increas-
ing diameter toward the top. In the lower part of the NW the smallest diameter of about
25 nm is found, which corresponds approximately to the GaN NW core diameter. The
plane spacings fluctuate in a wide range along the wire. As can be seen in Fig. 5.6, there
are regions with lattice distances close to 5.18 A˚ the value of pure GaN (position 1 and
2 of the GaN core), as well as regions with larger plane spacing up to 5.43 A˚. However,
the most frequent value determined in the shell region is about 5.26 A˚ as for the points
3 and 4 in Fig. 5.6, which corresponds to 16% In content in an unstrained alloy. If some
compressive strain remains, the In concentration is underestimated by this procedure.
The strain of a thin InGaN layer with 20% In concentration deposited on the lateral sides
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a)
Figure 5.7: TEM image of a single wire on a copper grid. a) Z-contrast image of the same
wire shown in b) in bright field imaging mode. The arrows in a) indicate the
position of the cap interface (blue arrow) and of some small wires attachted to
the one under investigation (red arrows). The data was acquired by E. Sutter,
Brookhaven National Laboratory.
of the GaN NW can be estimated at about 2%. The local In concentration has a tendency
to increase and strongly fluctuate towards the top of the core-shell NW region, reaching
values as high as 50% In at point 5.
In the InGaN cap which grows on the top of the GaN wire, domains with different crys-
tallographic orientations can be identified. In the particular TEM image of Fig. 5.6, two
domains are visible. These are separated by white straight lines in Fig. 5.6. One domain
(L - left part) has the c-axis in the same plane ([112¯0]), as the rest of the wire, but rotated
approximately 70◦ relative to the GaN NW growth direction and the estimated lattice
distance of 5.26 A˚ which corresponds to an alloy containing 22% In. The other region (R -
right part) of the cap might be a wurtzite structure with the c-axis almost perpendicular
to the c-axis of the rest of the wire, or may be of cubic type. As previously discussed,
the formation of different crystallographic domains determines the faceted shape of the
InGaN cap, which frequently exibitins a 3-fold symetry.
Fig. 5.7a) and Fig. 5.7b) show the annular dark field image and bright field TEM image
of a single heterostructure NW, respectively. In annular dark field imaging, heavier nu-
clei such as In compared with that of Ga, appear brighter. Therefore bright areas are
an indication where In atoms are incorporated. For this reason this method is also call
Z-contrast. The interface between the trunk and the cap (upper left corner in Fig. 5.7a)
indicated by the blue arrow) is clearly visible due to Z-contrast indicating higher In con-
tent in the cap compared to the remaining NW (see below for details). At the base of
the NW (lower right corner in Fig. 5.7a) indicated by the red arrows) brighter contrast is
visible, which originates from three small wires attached to the longer one. This brighter
contrast results from two factors: I. Due to this agglomeration the e-beam penetrates
through more material, which gives rise to a higher number of scattered electrons at the
annular detector angle and II. The shorter NWs at the base nucleated later than the fully
grown NWs, during the InGaN growth as discussed above. Most probably they contain
more In than the amount at the base of the fully grown NW which was not exposed to
In during its initial synthesis. Importantly, in Fig. 5.7a), a brightness contrast change is
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Figure 5.8: STEM image of InGaN/GaN heterostructure indicating where local EDS spectra
have been taken (red boxes). The graph gives the fraction of In with respect to
Ga in the beam path as a function of the distance from the Si substrate. The EDS
spectrum at the top of the wire was left out as the signal to noise ration was to
small. The data was acquired by E. Sutter, Brookhaven National Laboratory.
observed along the growth axis of the NW, which indicates that the interface between the
initially grown GaN NW and the subsequent InGaN growth is rather sharp.
In order to evaluate the In concentration, EDS measurements were carried out in scan-
ning transmission electron microscope (STEM) mode with a spot size of about 0.2 nm.
Fig. 5.8 shows a representative bright-field (BF) STEM image of an InGaN/GaN NW he-
terostructure along which EDS line profiles were taken. The points at which the EDS
measurements were performed are marked by colored dots. The In content as a function
of the distance from the Si substrate is shown in Fig. 5.8. The In concentration is evalu-
ated as a mean value which includes the contribution due to the GaN core. Overall In
was detected over the entire length of the NW even though the distribution is not uni-
form. While the middle section of the wire contains very little In, the mean concentration
of In in the cap increases rapidly and reaches about 27 atomic %.
X-ray diffraction measurements in a ω-2ϑ geometry of the same sample are presented in
Fig. 5.9. The vertical lines mark the expected position of the pure materials. The forma-
tion of InGaN causes a change in the lattice parameters (see equation (2.1)). This in turn
results in a shift of the signal towards smaller Bragg angles compared with GaN. The
broad peak detected at 17◦ indicates compositional variations in line with the finding of
the TEM analysis discussed previously.
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Figure 5.9: X-ray diffraction data of an InGaN segment on top of a GaN NW base. The verti-
cal lines indicate the positions where pure GaN and InN peaks would be found,
these values are taken from Morkoç. [28] The data was acquired by T. Gotschke,
Forschungszentrum Jülich.
Optical properties of InGaN segments on GaN NW
The PL spectra of the three samples shown in Fig. 5.3 are presented in Fig. 5.10. The
InGaN NWs show a very broad PL emission (FWHM = 0.76 eV) centered at 2.1 eV. How-
ever, no emission was observed in the near band edge region of GaN around 3.47 eV. This
broad peak could be assigned to InGaN alloy band edge emission, but also to defects
present in GaN. If spontaneous phase seperation takes place, GaN NWs or GaN inclu-
sions in InGaN could have also been produced. The PL spectrum of the GaN NWs shown
in Fig. 5.3b) has a strong band edge emission that contains FE and DBE contributions. [16]
In addition emission between 3.1 eV and 3.26 eV is observed, which is typically assigned
to a donor acceptor pair DAP transition. [28] The PL spectrum of the InGaN/GaN NW
heterostructure shown in Fig. 5.10 has the characteristics of both GaN and InGaN NW
spectra described previously. In the spectral range of the emission from the GaN core,
the GaN NBE peak as well as the DAP region can be observed. The broad emission from
the InGaN is centered at about 2.2 eV with a FWHM of 0.8 eV. The peak position suggests
an average incorporation of approximately 30% In, [28] in agreement with EDS measure-
ments. The broadness of the emission could be explained by compositional variations of
the InGaN alloy along the NW and between NWs. [205] This is confirmed by µ-PL mea-
surements on single InGaN/GaN NW heterostructures presented in Fig. 5.11. For this
type of measurement the wires were mechanically removed from the growth substrate
and deposited on a thermally oxidized Si(100) substrate with gold markers. The markers
allow the identification of individual wires even after transfer of the sample to another
setup or, as in this case, to another city. In total 21 wires have been investigated, all show-
ing luminescence near the GaN band edge region. Most NWs also exhibit luminescence
below 2.6 eV. The center of this emission varies from wire to wire and has a FWHM as
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Figure 5.10: PL spectra for the samples shown in Fig. 5.3a) - c) at 160K, deleted points are due
to second harmonic of the excitation laser.
Figure 5.11: µ-PL measurements of single NWs with a cap of 2 h growth time. The positions
of the individual wires is indicated in the inset (optical microscope). The PL data
was acquired by S. Kremling, Universität Würzburg.
low as 0.25 eV. This broadening is assigned to band gap variations due the different In
content in the core-shell and cap segments of individual wires. A variation of the In con-
tent of 8% corresponds to the FWHM of 0.25 eV. This variation of the In content indicated
by µ-PL is in agreement with that of the TEM analysis discussed previously.
The excitation power series displayed in Fig. 5.12 shows µ-PL of a NW with an InGaN
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Figure 5.12: Power dependent µ-PL measurements of single NWs with a cap of 30 minutes
growth time. The data was acquired by S. Kremling, Universität Würzburg.
segment of 30 minutes growth time, the FWHM of the InGaN luminescence is much
smaller than for the wires with segments of 2 h growth time. This supports the statement
made above that the broad peak displayed in Fig. 5.11 is in part caused by compositional
variations caused by the additional shell growth (discussed in section 5.2). There is little
shift with excitation power indicating an absence of internal fields. The presence and
strength of internal fields in InGaN QWs in NW is a matter on ongoing research. [40] In
addition it is noteworthy that the InGaN luminescence intensity is on the same order as
the NBE emission of GaN even though much less InGaN material was deposited.
In order to additionally confirm the In concentration derived from PL measurements
and to rule out green defect luminescence of the GaN [28,196,206] Raman measurements
were conducted exciting the sample using the 488 nm line of an Ar+ laser. As a reference,
spectra from GaN and InGaN NW samples were also obtained and compared with the
InGaN/GaN NW heterostructure sample. The Raman spectra of the NW samples are dis-
played in Fig. 5.13. For comparison, the Raman spectrum of an MOCVD grown InGaN
thin film with 24% of In is also shown. After subtraction of the luminescence background,
a clear Raman peak emerges in the spectra of both, the InGaN/GaN and the InGaN NW
samples at about 700 cm−1. This corresponds to LO modes of the InGaN alloy, which
are resonantly enhanced via the Fröhlich interaction under the near resonant conditions
of the experiment. [207] No feature associated with the E2 mode could be observed above
the luminescence background. Given the morphology of the NWs (see Fig. 5.3), which
exhibit a large proportion of lateral and beveled facets, the observed LO peak is probably
due to quasi-LO modes with a strong component of the E1(LO) mode (see for instance
Harima [168]). However, the A1(LO) and E1(LO) modes are very close in frequency, [208]
and therefore a single LO peak is observed due to broadening of the Raman lines by
alloying fluctuations. The frequency of the resulting quasi LO mode gives a good indica-
tion of the mean value of the InGaN alloy composition. By comparison with the Raman
spectrum of the InGaN layer, an average In composition in the InGaN NWs of≈ 25% can
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Figure 5.13: Room temperature Raman spectrum of the InGaN/GaN NW heterostructure
sample (magenta) compared to the spectra of the GaN and InGaN NW reference
samples. The bottom spectrum corresponds to an MOCVD-grown InGaN layer
with an In concentration of 24%. The data was acquired by R. Cusco, Institut
Jaume Almera, Barcelona
be estimated according to the composition dependence of the A1(LO) frequency. [207] Ra-
man measurements on the GaN NWs were performed away from resonance conditions
and only a weak, sharp E2 peak was detected at ≈ 567 cm−1. The additional bands that
can be observed in the Raman spectrum of that sample correspond to the first and second-
order peaks of the Si substrate. In the InGaN/GaN NW heterostructure sample no GaN
Raman signal could be detected as it was buried in the luminescence background.
The LO peak observed in the InGaN and InGaN/GaN NW samples displays an asym-
metrical broadening to the low frequency side. This probably reflects In composition
fluctuations across the nanowires (see above) and also within the ensemble of nanowires
probed by the Raman measurement. [207] The LO peak of the InGaN/GaN NW hetero-
structure is clearly shifted to lower frequencies relative to that of the InGaN NW sample.
Such a frequency shift could be related to a higher In content of the InGaN alloy in the
NW heterostructure.
5.3. InGaN/GaN quantum wells and multi quantum well structures
For the final combination of all separate components of the LED within one NW not only
a very basic knowledge of InGaN/GaN heterostructures is needed but rather detailed
information on the creation of MQW structures in such NWs is required (see section 2.2).
At this point the efforts described so far benefited greatly from the dedicated work of
Martin Wölz on creating such MQW within GaN NWs. In the following section a short
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Figure 5.14: Z-contrast TEM image of GaN NW with an InGaN MQW. The data was acquired
by A. Trampert, Paul-Drude Institut für Festkörperelektronik, Berlin.
summary of the insight gained in preparing the MQW structures, used for the NW LEDs
described in chapter 6, will be given.
In Fig. 5.14 a Z-contrast TEM image of a GaN NW with an InGaN MQW is presented.
The four horizontal bright lines represent the wells of the MQW structure within these
wires. As one can see from this image the inhomogeneity in the wire height and diameter
can lead to different barrier heights (compare e.g. the wire in the center with the second
from the right). Also the InGaN QW height might be influenced in a similar way, yet the
resolution of this image is not sufficient to clearly state this. Both effects can lead to the
same problematic discussed for InGaN sections, namely that each wire has an individual
InGaN composition.
MQW structures behave also similar to wires described previously with regards to the
change in In incorporation with TS (see section 5.1). Both a shift in the E1(LO) peak of the
Raman spectra and a shift in the peak energy of the PL can be observed (see Fig. 5.15).
Also these structures showed very little dependence on changes in the In/Ga ratio. As
it is not feasible to investigate every single MQW sample by TEM a method based on a
laboratory XRD equipment was developed for measuring the achieved well and barrier
thickness. [198,199] This allows a rapid check of the fabricated MQWs and enables direct
feedback for the next growth runs.
Also for these structures the LS-QMS proved to be a valuable tool. It can be used to
monitor the desorption of 115In and hereby allows an in-situ calibration of the In source.
In Fig. 5.16a) a typical LS-QMS signal for an InGaN/GaN MQW structure is displayed.
In the initial phase the noise level rises due to the ignition of the plasma source. Upon
opening of the N and Ga shutters the 69Ga signal rises, followed by a decline signaling
nucleation (see also section 4.1.1). For the remainder of the 90 minute GaN NW base
growth the 69Ga signal is rather stable.
Once GaN growth has terminated both Ga and N shutters are closed and the In shutter
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Figure 5.15: a) Raman spectra of InGaN/GaN MQWs grown at different TS the shift in the
E1(LO) peak is indicated by the dashed line. b) Room temperature PL spec-
tra of InGaN/GaN MQWs grown at different TS. The excitation was at 3.0 eV
and therefore below the GaN bandgap. The shift in the peak maximum is cor-
related with TS. The Raman scattering data was acquired by M. Ramsteiner,
Paul-Drude Institut für Festkörperelektronik, Berlin. The PL data was acquired
by C. Hauswald, Paul-Drude Institut für Festkörperelektronik, Berlin.
is opened. The elevated TS used for GaN growth lead to a total desorption of all the In
supplied. Therefore the LS-QMS signal at 107 minutes (see Fig. 5.16b)) can be used as a
relative measure of the total supplied In. Subsequent to this calibration of the In source,
the In shutter is closed and TS ramped down to temperatures suitable for InGaN growth.
In Fig. 5.16 the four spikes in the 115In signal between 120 and 155 minutes can be as-
signed to the In desorption during the growth of the four QWs. In this case In is incorpo-
rated in the NWs and therefore less material is desorbed. The difference in signal height
compared to the calibration peak at 107 minutes gives only an indication of the In content
in the QWs. In accumulation on the surface at low TS along with small desorption rates,
lead to a longer desorption rise times than at high TS. Therefore, the desorption signal
does not reach steady state conditions during the QW growth. Nevertheless, the use of
the LS-QMS allows monitoring of the growth and can give additional insights for further
analysis later on.
Conclusion
In this chapter InGaN was investigated as an active medium for LEDs. A special focus
was put on InGaN segments on top of GaN NW bases. In particular, the proof that in
fact InGaN was synthesized and the resulting peculiar shape of the InGaN cap were
explored. [176] For long growth times of the InGaN segments, a core/shell type growth
was found. The incorporation of InGaN QWs within the GaN NWs was investigated
together with Martin Wölz, who has made a significant contribution by designing the
MQW structures.
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Figure 5.16: In-situ LS-QMS monitoring of the growth of an InGaN/GaN MQW structure by
the detection of 115In and 69Ga. a) The LS-QMS signal of the first 165 minutes
of growth including the GaN NW base, InGaN/GaN MQW and the subsequent
GaN cap. b) LS-QMS signal just prior to and during the growth of MQW struc-
ture growth.
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6. GaN-InGaN nanowire LEDs
In this chapter all the knowledge obtained by studying the doping of GaN NWs in chap-
ter 4, and the insight gained in chapter 5 on the incorporation of In into the GaN matrix
of the NWs is combined. The objective of this chapter is to describe the processing of
GaN NW LED structures into working, light emitting devices and to characterize them.
The ultimate goal of this thesis to integrate a III-V compound semiconductor device with
Si MOSFET technology and to achieve their coexistence on a single wafer is described at
the end of the chapter.
Especially the experiences gathered in controlling the morphology under the supply of a
particular doping species are vital for producing a working n-i-p junction within single
GaN NWs. The subsequent processing of the grown structures into a working device is
described. Finally a structural analysis of a fully processed device is carried out along
with the analysis of its electrical and optoelectronical properties. In section 6.6 the fabri-
cation of a GaN NW LED on a wafer with Si based MOSFETs is described and an initial
characterization is carried out. It will be demonstrated that the growth of GaN NW LEDs
is compatible with Si back-end processing, which opens a way for the integration of light
emitters with CMOS technology.
6.1. Growth and initial characterization
In order to produce a GaN NW-LED, heterostructures consisting of InGaN MQWs were
grown within n-i-p diode structures. The MQWs act as active region for the recombina-
tion of holes and electrons and are undoped (see section 2.2). In Fig. 6.1 a schematic of
the grown NW heterostructure is presented along with an SEM image of the grown NW
ensemble. It is a general challenge for the doping of NWs that the complex growth mech-
}Si doped
n-type Si(111)
} Mg doped
n-GaN
p-GaN
AlGaN
InGaN
GaN
}
Figure 6.1: Sketch of the grown structure and SEM cross section image of the NW ensemble
after MBE growth and prior to processing.
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Figure 6.2: CL spectral linescan acquired at RT along the center of a GaN NW depicted in
the SEM micrograph shown on the right. The CL intensity is color coded on a
logarithmic scale. The scalebar in the SEM is 200 nm. The data was acquired by J.
Lähnemann, Paul-Drude Institut für Festkörperelektronik, Berlin.
anisms can be significantly altered by the addition of doping species, see also sections 4.1
and 4.2.
Therefore, the growth of the Si-doped GaN base, special care was taken that the NW
morphology was not affected by the supply of Si. With the knowledge gained through
previous growth experiments the maximum Si flux was determined for which an impact
on the wire morphology does not occur (reference layer calibration: 3 · 1019 cm−3), see
section 4.2. Subsequent to the growth of the GaN:Si base at 780 ◦C, the substrate temper-
ature was decreased to 604 ◦C in order to allow the incorporation of In into the GaN to
form the wells.
The MQW structure consists of four wells each having an In content of 20% ± 10% and a
height of 2 nm ± 1 nm, determined by x-ray diffraction on reference NW samples. [198,199]
The barriers were designed to have a height of 8 nm. The last QW is immediately fol-
lowed by a Mg-doped Al0.15Ga0.85N electron blocking layer with a desired height of
13 nm. Finally, a Mg-doped GaN cap layer was grown. Once again, special attention
was paid that doping did not destroy the NW morphology. A very low growth rate of
only 0.8 nm/min was employed, in order to limit the degree of coalescence of the NWs
as much as possible. For the same reason the growth temperature was gently raised by
140 ◦C to 754 ◦C at 2 ◦C/min during the initial stages of the cap growth and then held at
754 ◦C (see subsection 4.1.2).
The PL of the NW ensemble is as expected from the design (not shown). The NBE emis-
sion peak is visible along with luminescence associated with DAP transitions. At energies
between 1.8 eV and 2.5 eV a very broad luminescence which originates from the InGaN
QWs is observed. In order to determine the locations from which the individual contri-
butions originate, CL spectra were acquired. In Fig. 6.2 a CL linescan taken at room tem-
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Figure 6.3: SEM cross-sectional image of a GaN NWs test sample. HSQ was spin coated and
annealed three times.
perature of a single NW is shown. All three parts of the LED structure can be identified.
The bottom 500 nm are dominated by the NBE luminescence of GaN as is expected for
n-type GaN (see subsection 4.2.3). This segment is followed by the MQW structure and
its broad luminescence centered at 2.2 eV. The origin of this luminescence and an expla-
nation for the large FWHM are discussed in section 5.2. Finally the Mg-doped GaN cap
of about 150 nm length can be identified by a redshift of the luminescence compared to
the n-type region. This redshift indicates conduction band to acceptor transitions caused
by incorporated Mg, see section 4.1.3.
6.2. Processing
While all the active semiconductor structures are prepared by MBE, the as-grown LED
structure needs to be processed using several standard nanotechnology tools in order to
allow the usage of the device. These processing steps enable the macroscopic contacting
of the device and are described in the following paragraphs.
First, a 1.5 × 1.5 cm2 piece is cleaved out off of the wafer used for the NW growth. This
NW ensemble is planarized by spin coating a solution of HSQ resin in a carrier solvent of
methylisobutylketone at 2000 rpm. [182] This solution is transformed into an amorphous
SiOx by thermal annealing in air at 350 ◦C for 30 min. One such step results in a filling of
the space between the wire up to a height of approximately 250 nm. This height depends
on the density of the NW ensemble, however it was found to be quite stable within the
regime of NW densities encountered for the GaN NW LED growth. Three repetitions
of HSQ application are necessary to cover the wires until only a few of them have their
top most part above the layer plane. An example of such a filled up NW ensemble is
presented in Fig. 6.3. In order to ensure that the filling is sufficient the sample is checked
by SEM after the deposition of three layers and another layer is applied if required. The
SiOx acts as a dielectric in-between the wires and ensures that only the Mg-doped GaN
is contacted with the front metalization. Even though the tips of some NWs might stick
out of the SiOx layer they are still covered by a thin coating of the dielectric, as can be
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Figure 6.4: Workflow chart of the processing step for the fabrication of a GaN-NW LED after
MBE growth.
seen in Fig. 6.3. In order to contact these p-type doped NW tips the oxide on top is
removed by RIE using CHF3 with a nominal etching depth of 30 nm. Depending on the
exact thickness of the SiOx layer 30 nm etching depth may not be enough to make the
desired amount of wire tips available for contacting. Therefore the sample is checked by
SEM also after this processing step. If the desired result is obtained, the semi-transparent
Ni/Au (5 nm / 5 nm) top contacts are defined by optical lithography. After development
the sample is subjected to a 5 s oxygen plasma cleaning followed by a 50 s Ar sputtering
to ensure that no residues from the resist or oxides remain on the NW tips. Right after the
deposition of the semi-transparent top contacts, the contact pads for bonding and current
spreading are defined by optical lithography. The subsequent metalization is performed
with Ti/Au (10 nm / 90 nm). Sketches of the sample geometry and SEM cross section
images of some of these steps can be seen in Fig. 6.5. After the top side metalization, this
side is covered by a protective photo resist and the back side is etched in a 3% HF-acid
for approximately 10 s in order to remove the native oxide on the backside of the silicon
wafer. The backside is then metalized with Al/Au (50 nm / 50 nm) to create the n-type
contact. The protective resist is removed by cleaning the sample in acetone and isopropyl
alcohol. In order to enable measurements in various setups the sample is cleaved and
glued to a chip carrier with silver paste. The final step is the gold wire bonding between
chip carrier and sample. All these steps are summarized in Fig. 6.4.
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Si(111)
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Figure 6.5: Sketches of the sample geometry after growth, filling with HSQ, uncovering of the
tips and final metalization. Along with SEM cross section images after growth,
filling with HSQ and contact metalization.
6.3. Post processing characterization
After the processing the GaN NW-LEDs were analyzed by cross sectional SEM and TEM.
In the SEM images a very rough surface is visible where the semi transparent top contacts
were deposited with individual wire tips sticking out from the HSQ layer. These tips are
pyramidal in shape for most wires. The surface of the second top metalization is much
smoother and hardly any trace of the wires underneath is obvious.
In the cross sectional TEM images presented in Fig. 6.6 all four metalization layers on
top of the wires are clearly visible. Especially important is that the first two layers Ni
and Au of the semi transparent contact are well connected from wire to wire. Another
critical point in the processing is that Ni is in direct contact with the wire tips as desired,
see Fig. 6.6b). This is the confirmation that the cleaning steps between lithography and
metalization worked as aimed for. Also no extensive radiation damage which could have
been caused by the Ar sputtering of the wires is clearly visible (no obvious amorphiza-
tion). In addition stacking faults (SFs) are visible in Fig. 6.6a) approximately 100 nm −
150 nm below the NW tips. These might originate from the growth of the QWs as well as
the electron blocking layer which otherwise do not give sufficient contrast in this imaging
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Figure 6.6: (a) Bright field TEM cross section image of the contacted NW ensemble. (b) High
resolution TEM image of a single NW and the interface with the metalization. In
the bottom left the transformed HSQ of the planarization is visible. The data was
acquired by A. Trampert, Paul-Drude Institut für Festkörperelektronik, Berlin.
mode. Also the low TS employed during this stage of the growth might play a role in the
formation of SFs.
6.4. Electrical properties
The NW-LED current-voltage characteristics of a contact pad of 0.2 mm2 is presented in
Fig. 6.7. The turn-on voltage of the device is approximately 5.2 V. The exact determination
of this value is not possible as each NW-LED has its own turn-on voltage. Therefore the
value of 5.2 V is only an average of turn-on voltages of the wires active at 8 V. This high
turn-on voltage can in part be explained by the amorphous SixNy layer between the NWs
and the Si substrate (see section 3.1), but also the non-optimized processing techniques
for contacting might give a significant contribution. The leakage current at −8 V is 1.5 ·
10−6 A/mm2 which indicates a very good insulation of the individual wires by the SiOx
and is two orders of magnitude lower than what has been published previously. [62,209–211]
The slope in the reverse bias regime is linear and therefore not as one would expect for a
perfect diode. This behavior indicates the presence of a parallel current path with resis-
tance Rp. Its value can be determined by using a line fit for the linear part of the reverse
bias regime, see Fig 6.8 (see equation (2.15)). The observed parallel resistance has a value
of Rp = 27.3 MΩ± 0.1 MΩ which is rather good considering the not optimized process-
ing for this device. Another feature which is not expected for neither an ideal diode nor
a diode with a parallel resistance is the behavior between 0 V and -1.2 V. This is the effect
of the amorphous SixNy layer between the wires and the Si substrate [19] which acts as a
tunnel barrier resistance that is in series with the NW-LED.
Also in the forward bias regime the current-voltage characteristic does not behave in an
ideal way. Such a behavior is in part due to series resistances RS in the current path.
This is expected as both, the SixNy interlayer present at the bottom of the GaN NWs (see
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(a) (b)
Figure 6.7: Current-voltage characteristics of the processed LED both in linear (a) and log-
arithmic (b) scale. The contact pad used for these measurements had an area of
0.2 mm2.
  
Figure 6.8: Plot of the reverse bias regime
and linear fit at high negative
voltages to determine the shunt.
  
Figure 6.9: Plot of I · (dU/dI) versus I
for determining RS of the pro-
cessed device.
section 3.1 and Stoica et al. [19]) and the not optimized processing of the contacts, repre-
sent resistors in series with the diode. Both contribute to the total resistance. In order to
find the value of RS the slope of a plot of I · (dU/dI) versus I is determined in Fig. 6.9
(see equation (2.17)). In order to extract a value also the device temperature is important,
since a direct measurement is not possible the device temperature was assumed to be
400 K. The fact that the slope is not perfectly linear can be related to the contribution of
the tunneling resistance of the SixNy interlayer which would decrease at high bias volt-
ages. Therefore a big error for RS is associated with this determination. The linear fit
of the slope results in a series resistance of RS = 220Ω ± 40Ω. The y-axis intercept of
0.88 ± 0.01 results in an ideality factor nideal ≈ 25 which is significantly influenced by
the assumption of a device temperature of 400 K. Due to the fact that the device holds
approximately 106 individual NW-LED structures per mm2, which are all connected in
parallel, each with its individual ideality factor, it is not helpful to assign a global ideality
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Figure 6.10: EL of a processed NW-LED under 4 V, 6 V, 8 V and 10 V forward bias.
10 µm
1µm
Figure 6.11: µ-EL of a NW-LED of 0.19 mm2 under 10 V forward bias through a microscope
at 200x and 500x magnification. Below are close ups of individual luminescence
spots taken from the image with 500x magnification. The data was acquired by
C. Hauswald, Paul-Drude Institut für Festkörperelektronik, Berlin.
82
6.5. Electroluminescence
factor for the device. By using RS and Rp in equation (2.14) one can determine an upper
bound for the saturation current IS ≤ 10−9 A.
6.5. Electroluminescence
For the initial testing the devices were place on a probe station. The supporting chuck
was used as the back contact and connected to ground. The bias was applied from the
top through the contact needle of a micro-manipulator. In Fig. 6.10 a series of photos is
presented with the NW-LED of 1 mm diameter under various forward bias voltages. It
is clear from these pictures that the current spreading through the semi transparent con-
tacts works very well. This is also the case for the even larger diodes with a diameter of
2 mm. Overall the EL can be seen with the naked eye at voltages around 4 V.
Even though the turn-on Voltage is 5.2 V, as determined from the current-voltage char-
acteristic, one can observe significant luminescence already at 4 V forward bias (see Fig.
6.10). This fact is noteworthy and explained below. Especially considering that transmit-
tance measurements of the semi transparent contacts reveal a 42% ± 7% transmittance in
the relevant spectral region of 550 nm.
After this initial check with probe tips, the samples were glued to a chip carrier with sil-
ver paste and wire-bonded. This allowed µ-EL investigations of the samples. In Fig. 6.11
photos taken through a microscope at 200x and 500x magnification are presented while
a forward bias of 10 V was applied. It is obvious that the NW-LED has a very spotty
emission pattern. One can find emission spots with different colors ranging from blue
all the way to red. Nevertheless the spot which exhibit green emission dominate by far.
The size of the emission spots is at the resolution limit of the microscope settings and it
is therefore suspected that each spot corresponds to a single NW emitting light.
The total number density of spots at 10 V is at around 1 · 107 cm−2. This means that
  
Figure 6.12: Number density of the luminescence spots as a function of the applied forward
bias.
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(a) (b)
Figure 6.13: a) Spectrally resolved EL as a function of current. b) Plot of the EL peak po-
sition and its integrated intensity versus current. The data was acquired by C.
Hauswald, Paul-Drude Institut für Festkörperelektronik, Berlin.
it is roughly two orders of magnitude lower then the wire density on the sample after
growth. This may be caused by a number of reasons. The height distribution of the NWs
and the planarization of the ensemble lead to the burial of some wires which are signif-
icantly smaller than the mean. On the other hand for wires that are significantly longer
than the mean a contacting of the MQW structure or even the n-type base is possible.
Luminescence would not be expected from either of these wire types. Furthermore the
coalescence of some wires during the growth of the p-type cap would give rise to a single
big structure and holes injected into it will choose the path of least resistance, meaning a
diode with otherwise small series resistance. As the value for RS is expected to be slightly
different for each one of these diodes (slight changes in the layer thickness of the SixNy
for example may cause profound resistance differences) only one of the original NWs in
the coalesced NW bundle will luminesce.
Also the turn on behavior of the NW-LED suggests that it can not be treated as a single
device but rather needs to be understood as a collective contacting of several individ-
ual NW-LEDs all operated in parallel. Counting the luminescence spots at various for-
ward biases one finds that already at 3.4 V a significant number of wires emit light (see
Fig. 6.12). This is well below the turn-on voltage that is found for the device as a whole.
Overall one can say that inhomogeneities between the individual wires can explain many
of the observed phenomena described above.
Looking a the spectrally resolved EL the dominance of the green luminescence spots be-
comes obvious (see Fig. 6.13a)). In addition to the increased intensity of the light emission
from the NW-LED an additional blue shift of the EL can be observed (see Fig. 6.13b)). This
blue shift can be explained by the screening of an internal field within the QWs of the ac-
tive region as more and more charge carriers are injected into the QW. [13,28] The bule shift
below the turn-on voltage is most likely a superposition of the turn-on behavior of the
individual wires and the screening of an internal field.
The integrated EL is increasing monotonously throughout the explored current injection
range and no droop behavior was observed. [212]
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a)
b)
Figure 6.14: a) Overlay of two EBIC images of the MOSFET structure. The W-nanotip is
on the source contact in one image and on the drain contact in the other. b)
Overlay of one EBIC image, two SE images and two BSE images of the NW
overgrown drain region of one of the MOSFETs. The data was acquired by J.
Ledig, Technische Universität Braunschweig.
6.6. Nanowire LEDs for optoelectronic integrated circuits
One of the great long-term visions for the advancement of Si technology has been the
integration of on-chip optical emitters which are compatible with standard, silicon-based
ultra-large-scale integration technology. [213,214] A lot of research effort was put into pro-
ducing efficient light emitters on the basis of silicon [215–222] and is still today. Another
viable route may be the use of III-V compound semiconductor NWs which can act as
light emitters on Si substrates (see previous sections). [62,64,65,209,211,223–226]
Group III and group V elements are only acceptable for complementary metal-oxide-
semiconductor (CMOS) technology industry in back-end processing, due to their nature
as dopants for Si. This results in some limitations for further processing. High temper-
atures will cause diffusion of doping species in the Si and might destroy or compromise
the functionality of the CMOS device. The temperatures such devices can take, also called
thermal budget, depends on their size, the doping atoms used and several other process
parameters. For the most basic logic elements this budget is on the order of several hun-
dred ◦C up to 850 ◦C. [3,227,228] For this reason it is difficult to employ MOCVD processes
for the back-end creation of III-nitride devices on CMOS structures as the temperatures
involved in this deposition technique are typically much higher. MBE growth of III-
nitrides on the other hand offers growth temperatures which are within the range of the
thermal budget for CMOS technology.
To date very few publications claiming the monolithic integration of III-V active devices
with Si CMOS devices on the same wafer have been published. [229–231] Non of them de-
scribe the use of nitrides, if one disregards the publication by Furukawa [229] describing
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Si
MOSFET
NW LED
Figure 6.15: Sketch of a III-N NW LED and a Si based MOSFET on the same wafer.
a GaInPN device with 2% N-content. In this sense, the approach of using nitride nano
structures for the monolithic integration of III-V and CMOS technology is unique.
This section demonstrates the compatibility of III-N NW growth and the subsequent LED
processing with the simultaneous processing of a Si based MOSFET on the same wafer.
The coexistence of a NW based LED on a Si wafer with a functioning p-MOS device de-
monstrates the usability of such structures as optoelectronic integrated circuits.
In order to create such a device, our partners from the Technische Universität Braun-
schweig prepatterned n-type Si wafers (500Ωcm) in three different orientations ((100),
(111) and (110)). Initially, the wafers were oxidized. The oxide was locally removed
through optical lithography and wet etching, in areas where the source and drain regions
were to be created. Through spin-coating of a Boron-emulsion and subsequent heating a
in-diffusion of B is achieved, to form the source and drain regions. This was initiated but
not carried out in full. The reason for this are the temperatures at which the MBE growth
of the GaN NW LEDs takes place. The further B diffusion during the GaN NW growth
was modeled and the initial in-diffusion adapted accordingly.
Subsequent to the first in-diffusion step all the structures on the wafer top are removed
again. The wafer is then fully oxidized once more. This oxide will later on form the gate
oxide of the MOSFET. The definition of the oxide between the source and drain regions
was again carried out by optical lithography and wet etching.
After the patterning of the MOSFET structure up to the point of metalization, the sam-
ples were send to the Paul-Drude Institut für Festkörperelektronik (PDI). Here the growth
of the NW LED structures was carried out in the same way as described in section 6.1.
The only difference was the coverage of half of the wafer by the use of a shadow mask.
The temperatures used for the growth of the NW LEDs can be viewed as a second dif-
fusion step for the creation of the source and drain regions of the MOSFET. The covered
half was afterwards used for the final processing of the MOSFETs while the half exposed
to NW growth was fabricated into NW LEDs.
At this stage electron beam induced current (EBIC) imaging of the produced structures
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(a) (b)
Figure 6.16: a) Electrical characteristics of a NW-LED grown on top of predefined partially
processed MOSFET structures. b) Electrical characteristics of a MOSFET pro-
cessed on the same wafer as the InGaN/GaN NW LEDs. The applied gate volt-
ages VG range from -11 V to -17 V in 1 V steps. The data was acquired by M.
Erenburg, Technische Universität Braunschweig.
was performed on a cleaved sample. The EBIC signal is generated through the separation
of electron hole pairs through internal electric fields such a p-n junctions. Such a junc-
tions exists between the p-type doped source and drain regions of the MOSFET and the
n-type Si wafer. Fig. 6.14a) shows a combined image of two EBIC images. The contrast
was generated between a Si bulk back contact and a W-nanotip contact inside the contact
window of drain and source areas at the cleavage edge at 0 V bias. In this case the exam-
ined position was covered by a shadow mask during MBE growth to prevent GaN NW
LED growth on the transistors. Clearly visible is the formation of the p-n junction caused
by the p-type doping of the source and drain regions (green and red color well below the
wafer surface). In addition the channel position can be seen by the lack of signal between
the two regions.
Fig. 6.14b) shows EBIC imaging (between nanotip and Si bulk back contact, at a reverse
bias of 0.6 V) at the cleavage edge with a secondary electron (SE) and a back scattered
electron (BSE) image overlay which show the GaN NW LEDs (not yet planarized and
contacted) grown on top of the transistor. The field oxide is clearly visible by steps of
around 250 nm at the surface (around 300 nm SiO2 was expected) in the BSE image of
Fig. 6.14b). The NW LEDs or the SixNy layer have some lateral conductivity and hence
short the drain and source contact windows of overgrown transistors which results in
an EBIC signal from both source and drain regions at the same time (left hand side of
Fig. 6.14b)).
After growth of the GaN NW LEDs the MOSFET side of the wafer was dipped into 3%
HF for 3 seconds in order to remove the native oxide on the predefined windows for
source and drain. Directly after the HF etching this half of the wafer was metalized with
200 nm of Al.
These steps were followed by the processing of the NW LED as described in section 6.2.
After an initial test of the LEDs the samples were sent back to the Technische Universität
Braunschweig where the final processing of the MOSFETs was carried out. First of all the
SiOx layer on top of the Al, caused by the application of HSQ during the LED process-
ing, is removed through dry etching with CHF3. Subsequently the Al layer was removed
87
6. GaN-InGaN nanowire LEDs
a) b)
400 µm 400 µm
Figure 6.17: a) Microscope image of the NW-LED and MOSFET design. b) Electrolumines-
cence of the NW-LED observed at the same magnification as the microscope im-
age in a). The data was acquired by M. Erenburg, Technische Universität Braun-
schweig.
everywhere but at the source and drain region where it acts as contact metalization. The
selectivity was again provided by optical lithography and wet etching.
Fig. 6.15 shows a sketch of the outcome after processing of the two devices. They are
spatially separated but in coexistence on the same wafer. In reality the NWs have prede-
fined structures underneath them at several locations. Only at a few places the NWs are
placed directly on top of the bare Si. This results in a drastic deterioration of the electrical
characteristics of the NW LEDs. The I-U characteristics are displayed in Fig. 6.16a) and
show a very high turn-on voltage of ≈ 14 V. Nevertheless, the NW LEDs still retain their
rectifying diode characteristics and EL is visible. Also the MOSFETs have suboptimal
characteristics as the gate voltage required to switch the transistors is rather high. The
gate voltages Vg displayed if Fig. 6.16b) range from -11 V up to -17 V in 1 V steps. In both
cases there is a lot of room for improvement, as the processing of the combination of these
kinds of devices was tried only for this series of samples and therefore for the first time.
One simple improvement is the processing of the MOSFET structures also only on one
half of the wafer which would place the NW-LEDs directly on the Si. This should yield
similar characteristics for the LEDs as described in section 6.4 and 6.5. The flaws of the
design utilized so far can be seen in Fig. 6.17. The left image shows a microscope image
of the NW-LED and the MOSFET structures on top of one another. The structure resem-
bling the lying k is the metalization for the NW LED top contact. All the other structures
are either SiO2 on top of the Si surface or source drain areas, both were defined prior
to the NW growth. In the EL image of Fig. 6.17b) it be comes obvious that a significant
portion of the NW-LED is not functioning due to the underlying structures.
Even though the electrical characteristics are sub optimal it was possible to extract an EL
spectrum. This spectrum is presented in Fig. 6.18. Other than the spectra obtained and
discussed prior to these experiments the EL spectrum shows two distinct peaks, one at
500 nm and another one centered at 700 nm. The reasons for these differences are not
clear an require an intensive investigation, as the NW LEDs were grown with nominally
the same parameters. One significant difference between the samples discussed in sec-
tions 6.4 and 6.5 and the ones discussed in this section, is the time in which they were
grown. The MBE machine was not opened between the two growth campaigns but 6
month passed in between the two campaigns. Some shift in the parameters might be the
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Figure 6.18: EL spectrum of a NW-LED on a wafer with MOSFETs. The data was acquired
by C. Hauswald, Paul-Drude Institut für Festkörperelektronik, Berlin.
explanation for the different spectral behavior.
Even though the two devices are spatially separated on the wafer they can be connected
via probe needles and cables. This allows to control the NW-LED through the transistor
gate voltage Vg at a fixed bias USD. The measured characteristic of this experiment is
presented in Fig. 6.19. The conduction channel below the gate starts to open at around
Vg = -8 V. Increasing the gate voltage allows more current to pass through and therefore
to reach the NW LED. At Vg = -14 V the diode becomes the limiting factor for ILED as the
fixed bias of USD = 35 V does not allow a current of ILED > 9 mA for the specific device
under test.
The described results were found to be representative of all three wafer orientations
((100), (111) and (110)) tested. No significant difference between them could be identi-
fied.
Conclusion
In this chapter, all the knowledge on the single components of an LED in GaN NWs was
combined to form an actual LED structure. The NW LEDs were subsequently processed
collectively into a macroscopic LED which was then characterized by electrical and op-
tical methods. The produced LED proves that NW LEDs are feasible. The processing
technology leaves a lot of room for improvement of the performance using the current
design.
Finally, the NW LEDs were grown and processed on top of a partially processed MOS-
FET. The MOSFET processing was subsequently concluded. The result was a functioning
III-V semiconductor LED on the same wafer as elementary Si based logic elements. These
experiments were repeated on wafers with three different orientations and the achieved
results were the same for all of them. Being able to drive the LED via a MOSFET structure
on the same wafer represents true integration of III-V opto-electronics with large scale Si
based micro electronics.
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Figure 6.19: NW-LED current ILED as a function of gate voltage Vg of a MOSFET on the same
wafer. The data was acquired by M. Erenburg, Technische Universität Braun-
schweig.
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This chapter briefly summarizes the results of the entire thesis and gives an outlook on
further experiments and technological advances using the tools which are now at hand.
Conclusion
The investigations conducted for this thesis were motivated by the interest in semicon-
ductor NWs, the desire to produce a working device based on such NWs and its integra-
tion with Si technology. The III-N material system was chosen due to its relevance for
solid state lighting. [27] The main driving force to use GaN NWs as a medium for solid
state lighting is the lack of a suitable substrate for GaN growth. NWs have the potential
to resolve this issue due to their small footprint.
In this thesis, the integration of GaN based NWs LEDs with the quintessential semicon-
ductor substrate Si is studied in detail. The main aims were as follows:
• to investigate the changes in growth behavior and morphology which occur when
doping species such as Mg and Si are supplied to the MBE growth of NWs.
• to synthesize InGaN QWs within GaN NWs and to achieve control of the In com-
position.
• to process GaN NW LED structures into a working, light emitting device and char-
acterize it.
• to integrate a III-V compound semiconductor device with Si MOSFET technology
and to achieve their coexistence on a single wafer.
GaN NWs have been grown by self assisted mechanism in plasma-assisted MBE. Stu-
dies of the pure GaN NW growth were used, in combination with the experience gained
through previous studies, [112,232] as a basis for comparison with the growth under the
supply of additional atomic species.
Both p- and n-type doping species were investigated. Namely, Mg as an acceptor and Si
as a donor. Mg doping proves to have a significant influence on the growth behavior of
GaN NWs. Their nucleation occurs much faster in the presence of Mg [118] and also their
lateral growth rate is increased. The thesis that Mg incorporation at low TS is increased
could not be prooven, yet the evidence does not contradict this notion either. [150]
N-type doping of GaN NWs is less important from a technological point of view, as the
nominally undoped NWs are already n-type. Nevertheless, Si doping can enhance the
conductivity of the NWs. Also Si has an influence on the growth dynamics of self-assisted
GaN NWs. It leads to inverse tapering and a loss of orientation with respect to the sub-
strate. A Si flux was found at which the morphology is only slightly effected while the
conductivity is enhanced at the same time.
Nominal p-i-n and n-i-p junctions within GaN NWs were synthesized and investigated.
A strong difference in the optoelectronic properties upon reversing the doping profile
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was found, in that especially the acceptor concentration varies significantly. An improved
incorporation of acceptors is achieved when Mg is supplied at the NW top. The techno-
logically relevant information extracted from this result is that the doping sequence for a
NW pn-junction needs to start with Si doping and end with Mg doping.
Within the scope of this thesis, InGaN was investigated as an active medium for LEDs.
A special focus was put on InGaN segments on top of GaN NW bases. In particular, the
proof that in fact InGaN was synthesized and the resulting peculiar shape of the InGaN
cap was explored. [176] For long growth times of the the InGaN segments, a core/shell
type growth was found. The incorporation of InGaN QWs within the GaN NWs was
investigated together with Martin Wölz, who has made a significant contribution in de-
signing the MQW structures.
All the knowledge on the single components of an LED in GaN NWs was combined to
form an actual LED structure. The NW LEDs were subsequently processed collectively
into a macroscopic LED which was then characterized by electrical and optical methods.
The produced LED proves that NW LEDs are feasible. The processing technology leaves
a lot of room for improvement of the performance using the current design.
Finally, the NW LEDs were grown and processed on top of a partially processed MOS-
FET. The MOSFET processing was subsequently completed. The result was a functioning
III-V semiconductor LED on the same wafer as elementary Si based logic elements. This
represents true integration of III-V opto-electronics with large scale Si based micro elec-
tronics.
In conclusion, we find that, through overcoming or dealing with the effects of additional
atomic species during growth, GaN based NW LEDs can be fabricated. A processing
scheme was developed and the integration of Si based logic and III-V opto-electronics
was achieved.
Outlook
A significant deficit of the GaN NW LEDs fabricated is the fact that only about 1% of all
the NWs on a given sample actually emit light. Increasing this percentage would dramat-
ically increase the lighting efficiency per area of these devices. Possible reasons for this
low yield in luminescing NWs were discussed in section 6.5. Another flaw in the current
design is the polychromatic appearance of the NW LEDs. While they were designed to
have a specific color, the EL of the ensemble is rather broad with individual wires having
very well defined but different emission colors. This is ascribed to the non uniformity of
the neighborhood of an individual NW as well as to the non uniformity in morphology
from NW to NW. These differences might lead to different In incorporation rates during
the growth of the active region. For these reasons it is desirable to create a much more
uniform NW LED ensemble.
Selective area growth (SAG) of GaN NWs may be the tool needed to overcome these dif-
ficulties and to achieve the desired uniformity. Dr. Tobias Gotschke developed during his
PhD. thesis a technique to selectively grow GaN NWs (SAG) using a metal free mask. [113]
Some of his results are presented in Fig. 7.1. SAG allows the creation of a homogeneous
neighborhood for all NWs and also enables the synthesis of NWs with very similar mor-
phologies at the same time. The more homogeneous conditions during growth will most
likely lead to a more predictable and uniform In incorporation. In addition, the final
height of the grown NW will be found within a smaller window of the length distribu-
tion, enabling a much higher success rate in contacting the NWs of such an ensemble.
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Figure 7.1: Selective area growth of GaN NW. [113]
This technology is compatible with the processes used in the present thesis for the suc-
cessful fabrication of a NW LED. The selectivity will be lost during the growth of the
active region of the LED but this should have no influence on the growth behavior of
the well developed NWs which will be contacted in the end. Some of the active area
will be lost due to the needed spacing between the wires. Assuming that all of the SAG
grown NWs exhibit EL an increase in the number density of NW which show EL from
now 1 · 107 cm−2 to 5 · 108 cm−2 is feasible by using a 440 nm spacing.
The next step, regarding the integration of the NW LEDs with Si based logic, will be to
place the NW LEDs directly on the drain area of an n-MOSFET and use it as the back
contact. This will allow direct control of the NW LED on a Si chip by the application of
a gate voltage. An array of this kind of devices may be used as a display or an on-chip
optical interconnect to convert electrical information into light pulses.
93

A. Appendix A: Calibration of the growth
parameters
At the PDI, AlN, GaN and InN layers were grown under N-rich conditions at low tem-
perature (low enough to have no significant desorption), in order to calibrate the Al, Ga
and In flux. This ensures that all of the supplied material is incorporated into the grow-
ing layer. A subsequent measurement of the thickness of these layers allows to calculate
a system independent growth rate with the unit nm/min. Likewise, a GaN layer was
grown under Ga-rich conditions, in order to calibrate the N growth rate.
The substrate temperature was monitored through the detection of infrared radiation
with a pyrometer.
A calibration in form of a growth rate was not possible for both doping species (Si and
Mg) as the amount of material used was insufficient to create a measurable layer.
No such growth rate calibrations were conducted for the samples grown at the FZ Jülich.
In their case only the BEP values of the group III metals are known.
In the next paragraphs, a conversion of the BEP values, measured in Jülich, into the sys-
tem independent growth rate is conducted. This conversion was done by Dr. Tobias
Gotschke and can be found also in his PhD thesis. [113] It is subject to various errors and
can not be exact. The main reason for this conversion is to create consistency in the use
of growth parameters throughout the thesis.
In general, BEP values of different MBE systems are not directly comparable. They are
subject to the given geometrical layout of the system and the effusion cells. Especially
the distance between effusion cell and substrate is of importance, but also other param-
eters play a role. Furthermore, no layers were grown at the FZ Jülich. This leaves only
the structural comparison of various NW samples for matching the parameters of both
systems. Since length, diameter and density of the NWs are dependent on TS, metal and
N flux, a direct comparison does not yield the desired growth rates. In the PhD thesis
of Dr. Tobias Gotschke it is stated that the SAG growth of GaN NWs is N-limited at the
beginning of the growth and Ga-limited for longer growth times. Using two SAG NW
samples from each system with different growth times (2 h and 4 h) allows an estimation
for the Ga flux. This results in a growth rate of 2 nm/min at the FZ Jülich for the used
TGa. Assuming that the diffusion length is in the same order of magnitude for the two
experiments, one can estimate a N flux of 18 nm/min.
The determination of the In flux is less exact as the growth of InN NWs is less well un-
derstood. This leaves only the comparison of morphologies.
The calibration of the Al flux on the other hand is rather precise. Also at the FZ Jülich
AlN layers were grown which allows direct comparison.
In table A.1, the conversion from FZ Jülich BEP values to growth rates is summarized
along side with the values of the MBE system at the PDI. Since the BEP values are pro-
portional to the growth rates, this table allows the re-determination of the original BEP
values using the nm/min values given in the text above.
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FZ Jülich PDI
Element BEP [mbar] growth rate BEP [mbar] growth rate
N 1.2 · 10−5 18 nm/min 1.2 · 10−5 13 nm/min
Al 1.2 · 10−7 4 nm/min 3.7 · 10−7 4 nm/min
Ga 1.2 · 10−7 3 nm/min 7.0 · 10−7 3 nm/min
In 4.0 · 10−8 2 nm/min 3.3 · 10−7 2 nm/min
Table A.1: List of BEP and growth rate values for the two used MBE systems.
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B. Appendix B: Shadowing effect
In a standard MBE chamber, the effusion cell ports are mounted at a specific inclination
with respect to the surface normal of the substrate. This results typically in slight in-
homogeneity of the material flow at the substrate. In thin film growth, this problem is
overcome by sample rotation at an appropriate speed depending on the growth rate of
the film. [110,233] For NWs on the other hand the inclination of the cells does not only cause
inhomogeneities in material supply but also shadowing of one NW by another. This is
not overcome by simply rotating the sample.
These shadowing effects are mentioned at several occasions in the thesis as causes for
the observed phenomena. Simulations were performed in order to quantify at what NW
height this shadowing effect is relevant.
A top view image of NWs just after nucleation was acquired. The positions of 3097 NWs
were determined and used as experimental input for the simulation. Length and diame-
ters were assigned to these wire positions according to the distribution statistic found in
investigations, such as the ones described in section 3.1. This was necessary, as it is not
possible to determine the x- and y-coordinates as well as the according length and diam-
eter for a large number of wires at the same time.
After this initialization, the NWs were increased in size with a 20 times higher axial
growth rate compared to the radial one. After each growth step of 50 nm axial growth
the percentage of covered surface area was calculated for several effusion cell inclina-
tions. The inclination angle used in the following discussion is always measured away
from the substrate normal.
The results of the simulation are displayed in Fig. B.1. Fig. B.1a) shows the coverage of
the substrate which is either caused by a NW or a NW shadow as a function of the NW
mean height. This means that the covered area can not be reached anymore by imping-
ing atomic species. Instead these impact on NW side walls or top facets. The horizontal
dashed line indicates a coverage of 90%, the vertical one indicates the height at which
90% of the substrate is covered in the case of the Ga effusion cell of the MBE at the FZ
Jülich (34◦).
The variation for the two MBE systems used is not significant for most of the cells. Only
in the case of the cells supplying the doping species the difference is noteworthy. In Jülich
a tandem cell for both species (Si and Mg) was used which has an inclination angle of 42◦.
This cell was for example used for the fabrication of the samples discussed in sections 4.3
and 4.1.2 to 4.1.3.
Fig. B.1b) shows the mean height at which 90% of the substrate is not accessible to the
impinging atoms anymore as a function of the cell inclination. The plateaus in this plot
are artifacts of the simulation and due to the step size of the NW length growth (50 nm).
For the given geometrical configurations of the MBE chambers, these results demon-
strate the importance of shadowing at a mean height of around 400 nm for the NW en-
semble. This value is of course only valid for a given set of growth parameters as they
will influence this value. TS and Ga flux for example can lead to different NW densities
and therefore change the results. Nevertheless, such a value can act as a guideline at
which NW height attention needs to be payed to shadowing.
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(a) (b)
Figure B.1: NW shadowing simulation with experimental input of height, diameter and po-
sition. a) Percentage of the substrate which is either covered by a NW or a NW
shadow as a function of the NW mean height. The horizontal dashed line indi-
cates a coverage of 90%. The vertical one indicates the height at which 90% of the
substrate is covered in the case of the Ga cell in the MBE at the FZ Jülich. b) Mean
height at which 90% of the substrate is not accessible to the impinging atoms as
a function of the cell angle.
In this simulation, only the showing of the substrate by the growing NWs is considered.
Yet one also needs to consider the influence of shadowing among the NWs. With the
given typical number densities of 1010 cm−2 a majority of the NWs already suffers from
shadowing by one of its neighbors when 90% of the substrate is covered. Therefore, a
NW length of the same order of magnitude of a few 100 nm is of importance for shadow-
ing effects among the NWs.
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Throughout this thesis, materials are described by the use of chemical symbols. This ap-
pendix is intended to clarify their meaning as their use is handled differently by different
authors.
Whenever doping of GaN is treated, a colon is used to indicate the doping species. An
example would be GaN:Mg, to indicate that the NWs in question have been doped with
Mg. This kind of symbol does not yield any information on the doping level. It only
signifies that Mg was supplied during the growth. In particular, it does not signify that
actual p-type doping (in the case of Mg doping) was achieved.
The second ambiguous notation is the symbol for the ternary alloy InGaN. In the chem-
ical nomenclature, an alloy made up of these three elements N, Ga and In would be
written as GaInN. Yet, in literature the use of InGaN is by far more common.
Strictly speaking, a ternary alloy such as InGaN written in this form is an alloy of exactly
50 atomic % In and 50 atomic % Ga for the group-III metals. For this reason (In,Ga)N
is another symbol used in literature to avoid misinterpretations. This form of symbol
addresses directly the fact that unknown or varying In concentrations are discussed. It
does not tempt readers to fall back on the standard chemical interpretation of InGaN sig-
nifying In50Ga50N. Within this thesis, InGaN is meant to be an arbitrary amount of In
alloying. It thus signifies the incorporation of In into the GaN matrix to an unknown ex-
tend, which needs to be quantified. If a given In concentration is known and addressed
the use of In22Ga78N (in the case of 22 atomic % In) is common and used in this thesis.
These statements also hold true for the use of the symbol AlGaN.
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